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Preface

.The purpose of this study was to characterize the

performance of an optically pumped molecular laser and

dotermine the effect of pump frequency on output power.

Specifically, the P2 (6) transition in a chemical HF laser

is used to pumlp 12C1802 molecules from the ground state to

the 101 vibrational er.eirgy level. A population inversion

is established between the 101 and 100 energy levels and

lasing action is achieved at 4.3 microns. The results of

a theoretical analysis and an experimental study are used

to maximize the systetr;'s performance, clarify the principles

ef operation, and to resolve discrepancies between theory

arid prior experimental observations. _
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Notation

Symbol Variable

C speed of light

K boltzman constant

h planck, constant

RU-/ universal gas consatnt

X horizontal spatial coordinate

y vertcal spatial coordinate

Z axial spatial coordinate

V volume

A area

L length

'A axial mode number

1) vibrational quantum number

,U rotational quantum number

rotational constant

A2 1  Einstein coefficient for spontaneous emission

812 )B21  Einstein coefficient for stimulated emission

77 ratio of specific heats,

Cp heat capacity at constant pressure

C V  heat capacity at constant volume

V frequency

P) linecenter frequency

offset frequency, HF frequency - CO linecenter freq2
wave number

Xwavelength

X0 linecenter wavelength
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Notation

(Continued)

Symhol Vari able

/ gain coefficient

"TH threshold gain coefficient

(CY absorption coefficient

distributed loss coefficient

U- absorption crossection

ICT collisional crossection

6 lineshape factor

natural linewidth

V C collisional linewidth

A PD doppler line.idth

V7 P total linewidth

beam spot size

Oi/ beam divergence, half angle

R complex radius of curvature

T absolute temperature

M mass

Mach number

E energy/mole

ED dissociation energy/mole

E energy

V potential

N total number

N.7 total photon number

number density.
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[ concentration

A population inversion

P power

1f intensity

10 incident intensity

Iv saturation intensity

intensity as a function of frequency

D atomic diameter

U velocity

CIS  speed of sound

Cradius

A mean free path

P reflectivity

R radius of curvature

r repetition rate

7 characteristic time

T radiative lifetime

cavity photon lifetime

K rate constant

H Hamiltonian

V, wavefunction

I' dipole moment or viscosity
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E electric field
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Abstract

optical pu~ping of the 000 - (1lO). transition in 12C1802

by tile P2 (6) transition of an sF6 :11 2  electric discharge HF

chemical laser was used to establish a population inversion

between the (1Ol)_ and (lO°O), levels of 12C1802 and

lasing at 4.3 microns.

Tile IIF pump laser was characterized and maximum power

achieved at 79', SF6 / 21% 112, 88 torr total pressure, a 12kV

discharge voltage, and 300 pulses/sec. Lasing on the P2(4),

P2(5), and P2 (6) transitions was observed with a beam

diveregence of 9 mrad. A pulse-to-pulse variation in output

powser of a factor of six and a frequency instability greater

than 200 Mzf/msec. was observed. A 156 micro-Joule, 106 nsec

pulse was observced multiline.

The P2 (6) TEM 00 IF beam at 37.5 micro-J was coupled into

a .5 inch diameter pyrex cell with 7 torr 12C1802 with a 25 cm

focal length CaF 2 lens. A 26 nsec CO2 pulse was observed in

the forward propogating direction. CO2 lasing was erratic,

due to near threshold pumping conditions.

A theoreticl model of the kinetics of the SF6 + H2 /

electric dischairge was established. Pulse widths predicted

by this theory and those observed experimentally agree well.

The predicted power amplitude is larger than observed, due

to losses not included in the model.

The dependence of CO2 output power on IIF frequency

was not observed experimentally. The contradiction between

established theory and previous experimental results was

explained, however.

xii
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Ititroducti on

Back!;rourid

Laser sources are oeeded across a wide portion of the

electromagnetic spectrurm. The infrared region is particularly

important for several laser applications: (1) multi-photon

IR beam photochemistry, (2) laser isotope seperation, (3)

laser methods for obtaining pure materials, ad (4) military

applications [1:1317]. Several molecular lasers, including

CO2 , CO, U2 0, HF and UF, operate in the mid-infrared

regiot,, but do not adequately cover this band. Resonant

frequency conversion can he used to increase the number of

sources in the raid-I,' by using one of the molecular lasers

to optically pump a second laser medium. One advantage of

such systems is the higN! power obtainable [2:68].

A CO2 laser optically pumped by an HF laser was developed

for the Avionics Laboratory, Air Force Wright Aeronautical

Laboratories, 14'right-Patterson Air Force Base. Ohio by

the Raytheon Corporation [3]. l any characteristics of this

laser are unknio-,n and few studies for optimization of the

syste, have been completed. Several aspects of the laser's

operation are not well understood and previous exp~rimental

investigations appear to contradict established theory.

Problem Definition

This investigation wil1 characterize the performance

of this IF-punped CO2 laser system in an attempt to maximize

~j



its perforance, clarify the priciples of operation, reproduce

the work of reference [3], and study discrepancies between

theory and prior experimental results. Output power, beam

quality, and stability of the HF laser will be examined. The

CO2 lasing system will be studied to maximize output power.

In particular, optical pumping and the effect of HF laser

frequency on the CO2 output power will be studied and the results

compared with previous investigations and theoretical predictions.

HF and CO2 power pulse shapes will be experimentally observed

and explained in terms of the kinetics of the HF reaction and

the optical pumping scheme.

In the Raytheon study, no significant variation in the

CO2 output power was observed with changes in the HF laser

frequency over a 300 MHz range [3:64-65]. A substantial

variation would be expected on theoretical grounds, however.

The main effort of this thesis will be to explain this discrepancy

between theory and experiment.

Presentation

Background theory on' the operatiou of the HF pump laser

and on the optically pumped CO2 laser will be presented in

Chapter II. A kinetic model of the HF laser will be

established. A model of the effect of HF frequency on CO2

power will also be established. Chapter III will describe

the HF and CO2 lasers, as well as the experimental set-up

for studying the frequency - power relation.

2
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Finally, Chapter IV will present the results of characterizing

the HF pump laser, studying the optically-pumped CO2 laser,

and of the power-frequency experiment. Conclusions concerning

the laser system and the frequency effect will be drawn.

Recommendations for improvement of the lasing system and for

future studies are then made.

A'j



Bacqround Theoly

Three main topics will be presented in this

chapter: (1) srectroscopy of the HF laser, (2) a kinetic

model of the SFG + H2 in the electric discharge, with a

derivation of the population inversion and power pulse shape,

and (3) the theory of the CO2 laser and the optical pumping

scheme, including a derivat.ion of the dependence of CO2

output power on 11F frequency.

HF Laser Spectroscopy

An 1F chemical laser was first demonstrated by Kompa

and Pinentel with lasing from the V)=2 to 7=/ vibrational

energy levels [4]. The first cw 1,F laser was reported by

Spencer et al [5]. SF6 %,as used as a fluorine donor and

lasirg was observed for three different rotational transitions

within the *U=- to V= / band. Electric discharge initiated

HF chemical lasers were also demonstrated early [6,7].

Since then a number of cw and pulsed HF lasers using SF6 and

H2 have been deim:onstrated [8-17]. Electric 'scharge, electron

beams, electric arcs, and N2 -SF6 collisions at high temperature

have been used to dissociate SF6 to produce atomic flu~orine.

It is an electric discharge, SF6 type HF laser.that is used

iii this study.

The 1F chemical laser produces vibrationally excited

HF molecules by direct reaction of hydrogen with fluorine.

A chain reaction can be established and thus high efficiencies

4
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are obtainable. The optical gain of HF lasers is high and

can reach 100, per centilweter in pulsed operation [18]..

Large amounts of energy are released during the chemical

reaction and many vibrational levels can be populated. The

cascading of transitions from upper vibrational levels to

the ground state can yield a large number of lasing lines

in a single systeim. Forty different lines for HF lasing in

the 2.6 to 3.4 micron range have been summarized in

reference [19:404].

HF lasers operate on transitions between vibrational-

rotational levels of the HF molecule. The vibrational

energy diagram for HF is shown in figure 1. A set of

rotational energy levels is associated with each vibrational

energy level. The notation P U (J) denotes the transitionli='U ,

d=l/-/ to Uz) -/ , . The P2 (6) transition is shown in

figure 1 and is used to optically pump the isotope 12C180 2.

The frequency of the P2 (6) transition has been measured by

several authors [6,20-23]. The best experimental value is

V =35.3/.-3 -.12 CM I .[6]. Buchwald reports a value of

V =3531.175 CM - based on the absoption of the P2 (6)

transition in 12C1802 [23]. The wavelength is

k= - =2.03 19 /177M
= 2ci im(1)

The linewidth of the HF P2 (6) line is important, for

it will determine the range over which the HF laser can be

tuned and the amount of HF power absorbed by the CO2 gas.

5
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The three main broadening mechanisms are natural, collisional,

and Doppler.

"The natural line idth (FWIIt1) is

27 (2)

whereTr? is the radiative lifetime of the upper laser level

[24:57]. Peterson has measured the natural linewidth for the

P2(J) transitions as 3 ,11Hiz [25]. The P 2(6) transition will be

assumed to have a similar linewidth. Collisional and Doppler

broadening will be sho%;,n to be much greater than 3 MHz and

natural broadening will be neglected.

Collisional broadening arises front collisions between the

active molecule (HF) and all other iwolecules. Its

magnitude depends on the physical properties of the collision

partners and on their partial pressures. The linewidth is

where 
B

2
a-~ W A8 (4)

is the collisional crossection,D A and D3 are the

molecular diameters of particles of type A (HF) and type B

(HF collision partners),M4 A and MB are the masses of the

particles,71 /3 is the number density of type B particles,

and T is the absolute temperature [34]. The summation is

taken over all collision partners, B, including the self

collisions with other type A particles.

To evaluate this expression for the HF laser, the

I ', , i , 7



following analysis is performed:

Introduce the ideal gas law and total pressure

E? 13 -- (5.6)

and 
1

P
B KT p KT (7)

Substitute equation (7) into equation (3):

/ 'P) f /,8VK

_2 (I7

/P

WTKT pj/- A F'B+ (8)
Let P be in torr, atomic radii in angstroms, and inass in

kg/kgmole, then, at T-3OO0 K:

AVC =.225A1HZ)P~ _)2~D + 9

To evaluate this equation for the [IF laser used in

this study, take P-POtorr and a gas mixture of SF6 :H2=4:1.

The partial pressure of HF is set to zero. The atomic

diameters are

DHF4.3 A DH22.7, DSF =4.4

from references [27,28] Then,

3C = 322 MHZ (10)

Doppler broadening arises from the distribution of

particle velocities and the linewidth is

2 \2Krln2

8
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where A0 is the line-center wavelength, T is absolute

teriperature, and M is the mass of the active molecule.

For the P2 (6) transition in HF at 300-K, A PD94Hz.

The effects of collisional and Doppler broadening can

be convolved to give a total lineshape with the use of a

Volgt profile. Assuming that collisional broadening is

independent of particle velocity, the total lineshape at

any wavelength is simply the convolution of the Lorentzian

(collisional) and Gaussian (Doppler) lineshapes. The

total lineshape is given by the summation over all frequency:

G(X) = N7 (12)

whcre G(%) is the total gain lineslape factor as a function

of wavelength, X , Xois the line-center wavelength,

X2  AVD (14)
x_ -xo) C 2/n

X2  A /D 2
X2  (15)

and X is the variable wavelength of integration [29:128].

This integral Is the Voigt integral and has been
294_ _ l

evaluated numerically [30]. For AG - 322 1

the linewidth (FWHti) is 506 tHz, AP.- 506 MHZ

Several studies of line broadening in HF lasers have

been completed [31-32). These studies have dealt mainly

with the P1(J) transitions and HF - HF collisions. Broadeninq

of the U=2 to) = / transition due to HF - HF collisions is

7.9 tM1z/Torr IF [31:1575). Collisional broadening of the

9
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P1 (5) transition at 50 tort and 1O0C has been measured as

672 tiHz f3?:111 ]j. 1lo stu,;les of tir- P2 (6) transition

with SF6 collision partraers iwere found. The v,1ue AlU- %06MHZ

will be used in this study.

Axial modes in a laser are given by

2n L (16)

and the free spectral range by
C

A 277 L (17)

where L is cavity length, 77 is the index of refraction

of the lasing medim.i, and C is the speed of light. c is

an integer specifying the axial oinde number. For TIL =.56U

(see the experimental section for a description of the

optical cavity), AV 0
: 268MHZ. Note that ZLVZ . /.8 9

and thus, one or two axial modes w-ill exist depending on

the exact value of L . The frequency of the laser can be

changed by varying the cavity length. The relation between

frequency change and length change is

oatC_ 6L:-- - - - L
~2T) - XL (8

To vary the laser frequency across its full width of 506 MHz,

the length of the cavity must be varied by 2.6 uni.

This length change is easily achieved with a

piezo-electric crystal. The converse piezo-electric effect

states an applied electric field produces a proportional

strain in the crystal

s -L - E
L (19)

where S is strain, is the piezo-electric constant, and

10
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E is the electric field. The magnitude of for many

piczo-elctric uat,.,ii-ls is sufficient to provide a 2.6 pm

dflectin under tKi application of a 1 LIV voltage. A

BaTiO 3 crystal wa.,, used to vry the HF laser frequency and

is described in the experimental section.

One last parameter is required to specify the enerqy

levels and transitions. The transition rate between energy

levels affects the population inversion and output power.

These transition rates are given by the Einstein

coefficients. Take the following two level system:

A2 1 8/,2 L

E is the upper encrcy level and C-l is the lower level, -

is the incident photon intensity and A2 1 ,81, B21 are the

Einstein coefficients defined as

A2 1 = the prohability of a molecule spontaneously
decaying from the upper energy -evel to the
lower Invel per unit time. T-'-A2i , the
radiativc lifetii:ie from the upper to lower
energy "level.

B12 T(D21.)='the probability per unit time of a nolccule
being stimulated to transition to the other
energy level by the incident photon intensity, .-

The Einstein coefficients are related by

A2 1  21C7C B (20)
2 12 [34:2-181

11



The Eirnslrin coefficient, [ 2 / , for the P2 (6) transition

in Iff is 1.372 x 1 A14 cl-.2 /J sec 1l9:,83]. The radiative
lifeti;!.s is tleo .4 sccor,ds

The spectroscopy of the [IF lasing trasi tion has been

established. The mechanisn for cstablishing the population

inversion will now be ox i-ined.

Kinetic llodel of F + H. in the Electric ni'charqe

IIF chemical lasers establi.lh a populatlon inversien of

the vibrational-rotational levels of IIF through chemical reactions

involving if, iIF, and 2  The pumping processes are

chemic .l reactions whose products ire vibrationally

excited HF molecules. Thc two mejor reactiuns are

F+H 2 - -_ H))..1-r -- 3.6 K K74L (21)

H + F2 --- HF()) F 11CA 98.0 KAL (22)

Reaction (21) is termied the cold reaction, due to its

lower AH. Population of thej)Jz to Z)=3 levels arc possible,

with the )= 2 state preferred:

F+H p -HF(O) + H + 31.6 KCAL/'MOLE

K 5--1"2x /03 xO- 3 5O/TG 4MOLESEC (23)

F+ H2 --- H() + H + 20.4 KCAL/MOL E
K,=2"4 xlOIQ xO-350/TCIMOMLE'-SEC (24)

F+H2-- H(2)I H - 9.6 IKCAL/MOLE

K I?.2 x/Q OI /o3O/Tc,,3/ML ESEC (5

12 .. . -z

x_ 1o X 0-3 0/ T-A"IO SC (5



I-.7f

C

t1.

C- t



F + - - 0---- t3) + H + .8 'KCA . IMOL E

KxI/3xO~3O/T ,3,OLE-SEC J36)

Reaction (2?), the hot reaction, populates the l--O to

U=12 states, with the V=5 or 6 state preferred [l9:591].

Note that the set of reactions (21) and (22) form a chain

mechanism. As a result, efficiency based on output power

versus electrical input can" be substantially greater than

100%. The length of the average chain has been estimated

as 20 cycles [14]. Systems operating on both reactions

should have larger output powers than those utilizing only

one reaction.

To initiate reaction (21) and/or (22), donors for

F, F2 ,H, and H2 nust be provided. As noted earlier, SF6

and H have been used in a number of operating HF lasers

and are used in this Raytheon HF laser.

H2 gas is readily available and can be dissociated to

provide H atoms. If only II were provided with no dissociation,
2

both reaction (21) and (22) could still operate, since

hydrogen is produced in reaction (21).

The complication in the kinetics arises from the SF6

donor for fl uorine. SF6 is used because it is inert and more

easily handled than fluorine gas. Before examining the
processes for the production of F and F2 from SF6 , the

structure and properties of SF6 should be examined.

Sulfur hexafluoride (SF6 ) has an octahedral structure

13



with six 0-bonds between fluorine atoms and the sulfur atom.

Fluorine has oilc empty p-orbital (ls22s2'p5) and sulfur has

six elcctrons in its outer shell (ls2 2s2 2p6 3s23p 4 ). The six

fluorine atons each share one of the outer electrons with

the sulfur atow to form d2 sp 3 hybrid orbitals [28:99].

The S - F bond energy is slightly less than 78 kcal/mole

(3.3 eV/molecule) and the bond length is approximately

1.4 angstroms [37:534-539,38:F202].

SF6 is very stable and reacts only under extreme conditions.

This H" laser uses an electric discharge (12kV, 350 Amps) to

produce the fluorivie from SF6  H2 is also dissociated in

the discharge.

The energy of the electrons in the discharge is important

to the nature of e- - SF6 reactions. An estimation of

electron energies can be obtained vwith the model of figure 2.

t - CATHODElX t

+ IANODE

Figurc 2.
ELECTRON DI SCIARGE MODEL

The electrons at the cathode have a potential enerqy

14



of c V where e is the charge of an electron ard V is the

voltage applied across the cathode/anode structure. For a

uniform electric ficld, this potential energy vll vary

lincarly across the gap to zero at the anode. From energy

conservation, the decrease in potential energy of an electron

as it moves to the anode is equal to the increase in the

electron's kinetic energy. The electron is originally at

rest and the kinetic energy of an electron at distance X

from the cathode is

E= LV- (27)

The average kinetic energy at collision is then

-E)VL-2 = V A (28)

where /\ is the average distance an electron will travel before

collision with a gas molecule, or the electron's mean free

path. If it is assumed that an electron gives all its

energy to the gas molecule upon collision, then the averege

electron energy throughout the gas, in electron volts,

will be

KE) A 12 KeV L (29)

for a 12 kV applied voltage. L is about 1 cm.

A very rough estimate of the mean free path cat. he

obtained from a hard sphere model of collisions

4
(30)

where /P is the number density of SF6 , d is the diameter
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of SF and the equation is valid for light-heavy particle
6

interactions. T& klngd=2.8A twice the S-F hond length) and

using the ideal gas equation for number density

7= ... _ ', TORR

KT -(I.3xIO--23)(JOO)JOULE (31)

Then, 77 2.6 xlO 2 4 /M 3 and A -. 4J. Tn

This estimate is crude, for it completely neglects

the electric field interaction. A more accurate value for

A is obtained from a measurenent of the e- - SF6 crossection.

This crossection has been measured as G=22x/O-19?.

Thus,
I

A- L79,pr. (32)

This slightly smaller meian free path will be used for

further calculatio.s.

The average electron energy from equation (29) is

L=2k/ O- 6)
L 0 /I2kV2.2EV (33)

The average electron velocity is about 106 m/sec.

The mean free path is small compared to the anode-

cathode separation and the elctrons will suffer many

collisions before clearing the discharge volume. The large

number of electron collisions and low average energy suggests

some sense of equilibrium may be obtained, and the electrons

could be characterized by Q temperature T , such that

KE=2 KT (34)

The temperature at 2.2 eV is then 25,500 "K.

The actual distribution of electron energies is potentially

16 .
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coimiplex. There exists a large electric field, accelerating

the electrons. There also e:ists a nurber of collision

partners that could selectively depopulate particular energy

electrons from the distribution. A steady state solution

of the Boltzman equation for a system with an 18 kV/cm

electric field was computed [41] and modified for an SF6 -112

mixture [42]. Results indicate a distribution thzt does

not vary from a Maxwellian distribution by more than a factor

of two over the 0 - 50 eV energy range. Thus, a Maxwellian

distribution of electron energies will be assumed , with an

average energy of 2.2 eV or temperature of 25,500°K.

A number of authors have itivestigated the kinetics of

SF + e -[14, 43-45]. Simply from the structure of SF666
it urould be expected that only atomic fluorine would be produced.

To produce F2 , two , adjacent S-F bonds would need to be broket

and the F-F bond created. The production of F2 is much more

likely from the proce!s

FF+M'--F 2 + M (35)

and ill be discussed later.

The production of atomic fluorine is based on the

mechanism

SF6  -S F"-.S

.S + F (36)
- +[43]

The low energy, "thermalized" electrons attach to the S 6

molecule to produce an excited state SF6 *, which decays very

rapidly to either SF6  or SF5 " + F. Since the second reaction

17



rates are so rapid, the final products may be considered the

products of SF6  + e-

Bashkin reports major flourine production from the

reactions

SF6 + c--.SF 5 + F+2e (37)
SF6 + C --- SF5 + F+ c4

as well. These reactions have been investigated by Ahearn

[46] and Assundi [47]. The reaction

S F6 + S- - 5 + F (39)

is described by Curran [48] and included in a model of

SF6 + 1 2 in an electric discharge developed by Lyman [4?].

In this article by Lyman, pulse shapes for an SF6 + H2

electric discharge laser with a psec duration have been

theoretically computed.

After these processes are ititiated, further fluorine

production frorm a reaction proposed by McGeehan [45] is possible:

SF 5 +SF6  .S + F + SF6  (40)

This reaction depends greatly on the ratio of electric

field to number density (a ueasure of average electron eierqy)

and is only important if .E/n7 >3 x /0-15 VOLT-CM2 .

The Raytheon laser has a 12 kV voltage applied across a 1 cm

gap with 80 torr total pressure, and thus

f/77 = 2x10-15 VOLT-CM2 (41)

The production of F2 fror reaction (40) will be neqlected.

18



ReactionIs such as

S F + --- SI7+F+M (42)

and

sF5 + M - S F M (43)

have such high activation energies C 76 kCal/mole and

66kCal/mole) that they may be neglected. SPG may also be

coliisionally dissociated to produce ground state 14F by

SF 6 +H - :SF5 +HF (44)

This reaction will be discussed later in conjunction

with the pumping rcactions.

Hydrogen gas is also dissociated in the electric

discharge. Collisonal dissociation is again small, due

to the high activatio-i energy. Hydrogep dissociation is

giveni by the reaction

H2 + - H-- H +e (45)

Hydrogen may also be ionized by the el cctrons:

H2 + E- H~t + 2e7 (46)

H + H----- HH+2 ()(47)

Charge transfer such as

A+B- A +B AB:ANY SPECIE (48)

can alter the concentrations H 2+, H+, F, F-, and other

species. The effect of these charge transfer equations

will be addressed after presenting the pumping, recombination,

and depopulating processes.
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The pumpinci reactions have been presented in reactions

(21) and (22). Several additional sources of HF should be

considered. The decomiposition of SF6 by H to produce HF

by reaction (44) was studied by Fcnimore [49] and lasing Oith

the reaction

XF 6 "- H ---. HF+XF X =-M 4U5 (49)

important to the production of HF was studid by Dolgave [75].

The rate constant for reaction (44) is about 1020 smaller

than the rates for reactions (21) and (22) and the reaction

may be completely neglected. (See Appendix A for rate constants)

The direct production of HF by

H+ F+-M---"HF-M (50)

is a moderately slow reaction, with a rate constant on the

same order as for reajction (35) and may be important to the

production of ground state HF. Reaction (50) will be analyzed

in conjunction with the recombination of fluorine, reaction (35).

The importance of the hot reaction (22) depends on the

quantity of diatomic fluo-ine available for reaction. Many

SF6 + 12 , electric discharge experiments indicate reaction

(22) is not irtportant [5,8,9,14,1G,20]. In such cases, no

vibrational transitions frow levels higher than V=3 are

observed and power is relatively low. Bashkin observed an

increase in power by a factor of 20 when F2 was added to the

SF6 + 112 mixture under conditions very similar to this

investigation [14]. It might be expected that the production

of F2 in this Raytheon laser is also small.

20
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To establish the rate of production of F2  reaction (35)

r.)ust be e>. :ined, for it is the sole source of F2.

The rate of formation of products can be charcterized

by the time initerval required to reduce the concentration

of reactants to a fixed percentage of the initial

concentration, say .5 or .37. By comparing the magnitudes

of these clhaacteristic times to the gas flow rate, discharge

pulse width, and other reactions, the importance of each

reaction can be established. To riake these comparisons, the

gas flow rate and discharge duration must be examined.

The nost importint features of the IF laser in determining

the flow rate are the discharge dimensions and the volume

capacity of the gas recirculating fans. The gas flot- velocoty

is about 250 itfsec and the discharge structure's width is

.16G inch (See experi:;e.ltal section). The time interval

during which the products remain in the cavity is

T = L/U -55/iS" U =250FTS/ L=.1661N. (51)

The effects of thermally caused pressure waves as described

in the experintal section increase this time by a factor

of 2-5, or to about 200 Itsec. Reactions with characteristic

times greater than 200 psec may be neglected.

Another important factor of the laser design is the time

width of the electric discharge, because it will determine

the time interval during which atomic fluorine is produced.
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This pulse w:idth is about 100 nsec. The cold reaction is fast

and has acLracterilstic time of about 100 nsec (See Appendix A).

Th.us, ato:vi, fluorine is produced and consumed on a-time

scale of 100 nsec. Aftcr this time, little excited HF is

produced. Since the H- output power pulse is the quantity

of interest, only those reactiors with characteristic

tines on the order of 100 aisec need be considered.

With this information, all the reactions of the SF6 and

H2 system can be analyzed. An example calculation of characteristic

times for the cold reaction arid rccornbiniation of fluorine

will be presented here. The characteristic times for the remainder

of the reactions is presented in Appendix A.

The reaction

F + F + F2 +M (35)

implies the rate equation

dit- I- KFj[J(S2)

where[Fjand [I'] are the concentrations of fluorine and the

arbitrary collision partner 1/4

The characteristic time for the reaction will be taken

as the time required for 63% of the reactants to be consumed.

This percentage is used to facilitate the comparisons of

characteristic times to the bir:olecular reactions whose

concentrations decay exponentially in time. An expression

for this time is established by considering the concentration

of M constant:

f 4F/]2 -.- c[Mfut(3
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t f is the concentration of F at t=O.

Thus,

Likewise, the characteristic time for the cold reaction

F + H2 -- +, *i-b/ (21)

is obtained by cortsidering the rate eeuation

&J Fjdt (56)

fF] - 57

Pr

and

/

2j (59)

To evaluate these characteristic times, the rate

constants presented in the appendix are needed. For the

cold reaction K2= /3 CM 3 /AIOLE-SEC and for the

fluorine recombitoation K/ =10 CM 3lMOLE-SEC The

initial concentration of 14 is (P =18 TORR)

L T (60)

Then 2=/O01S, as quoted before. lhe exact concentration

of F depends on the elurtrun attachment reactions. An0
upper limit for F0 would certainly be the initial concentration

of SF6 , since only one flourine atom is produced from each

SF6 molecule. Then, the characteristic time for flourine

23
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recor'binatioi is 17 jsec or qreater for a 4:1 SF6  2

mi xture. Si,, e , ,i,,st of ih oiitic fluorine will

be consun-cd by the cold reactioii and tht, recor, 4nation of

fluorine m.y be neglected. Note that flu;riiie atoms would

recoirdbine during the tirime they remain in the cavity ( 200psec)

if they did not react in reaction (21).

Similar arguments for the recombi;ation process (50)

indicates it too rmay.be neglected. The characteristic ticie

is 20 psec.

A riumber of process can r-duce the concentration of

excited HF by depopulation or recombinstioii. These reactions

include:

H 4.!+ M - -:' 2 -,-M(61)

HF( ) + H --- H2+ F (62)

H F() + M-- H -t F - M (63)

HFC) +M -HF) -I) M (64)
HFtlU) + HF(V)' -- HtlF( I) + HF-(U'+1/) (65)

H F(U) 4 H2 () H F( 1) + .21 -1 (66)

The laser is designed to

convect the reaction products away fron the optical cavity

before processes (61-66) effect the laser output itower.

The same characteristic time analysis for these reactions

is coppleted in Appendix A. The only significant reactions

leading to excited HF depopulation are:

HF(U) +F '-----HF(h -- I) + F (67)

H F(U) + H -- ,,-H F (V) + H (6e)
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The reaction rates for the charqe transfer equations

are very fi:st. The ion coocertration is very lowv, however.

1his ion concentration is specified by the discha tje current

of 350 A,:ps:

I n J:A) ((00o) /0 o - 9) CoUL. (69-70)

The number of charges in the 8cm 3 volume is then

le. -- 4.4 x M L.ESOL (1
CM3 (71)

The total production of positive ions is of the same

order as the electron concentration. If the concentration

of any ion is taken as 10 -lO moles/cnm3 , the characteristic

time is

T -- 7 - -'' / ,,.
/ e (72)

This tii.,e interval is four orders of magnitude greater than

the dische.rge pulse .ridth of 100 nsec. Thus, charge transfer

depending on an ion concentration may be neqlected. The

reaction

F- + M --- 4- M (73)

miy be significant, however. 1:er c-

SK2] 20 [ (74)

which is a very short characteistic timc. This is the only

charge transfer equation that will be considered.

The system of kinetic equations, or mechanism, for the

production of vibrationally excited HF that results from

this complete presentation is:

25

. . . ..



Initiation SF --S -/
6s + F 1 (36)

F,5 + F +2cK Kz (37)
S-f6 + F + e' K4  (38)

HS + F- K5  (39)

HH +- H+ e- K6  (45)

+ 2C.- K 7  (46)

H+c --- H++ 2e- (47)

Charge Transfer F- M--F ( A- KgeM ) ('73)

M =ALL NUETRAL SPEC/S

Cold Reaction F + H2 -- H-I;(j ._-/ (21)

Deactivation HF( + F -- '-HFfU-/) + F (67)

HF(U) + HHF-- u ) + H A 2 flG )

The system of ritc equations riodeling the discharqe is

6(76)

2/e 6LH eJ~ 7cJ4i~2  (77)

+ y,[ [Ht'(78)

aU[<UdFI~ ')r-[~ (W9

+ K, N/) [H HF( i[j-Uj, 2 y?4F(]j
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with the initial values

00 o 0 0I C1&4D

The current forcig function is

(82)

The current pulse is given in Appendix B and is taken from

the observatioins of the Raytheon study [3:361.

The limits of integi-ation on the current forcii;g term

are taken as t2 -r20NS.. The average electron erergy at

collision is, from equation (33), 2.2 eV, and the velocity

corresponding to this energy is 8.8 x l05 rnr/s. The electron's

energy increases linearly after each collision; the average energy is

I eV and the average velocity is 6.2 x 105 m/s. The electrons

take 16 nsec to traverse the catlode/anode gap. The system

of rate equations is solved numerically in Appendix B with

a step-by-step integration method. A 20 nsec time interval

is used for this integration as well.

The rate constants K/ -K/O are listed in Appendix A.

Optical processes have not yet been considered.

Spontaneous emission way be neglected, due to the long

radiative lifetime of HF (.4Sec) (See p12). Stimulated

emission is certainly of prime importance and does affect

the population of excited HF levels. The stimulated processes

are

O + H FW) H HFN') + (P + ,P KI 83
K,+H ~ HM) 3  (83)

(0+ HFL-I)sHF(U) K.-1,3  (84)
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where V)is the symbol for photons of energy h-vhC/2.UM

The nuriber deri i ty of photons is give Yn by the ir!pl ied rate

equation;

The reactions (83) and (84) would affect the rate

equation (80), adding a ternl of

The rate constants for reactions (83) and (84)

are calculated in Appendix A and are related to the

Einstein coefficent of page 12 by

KI =K _ -=Ch 1 . O 4 CM 3

113 .=-hV 2 1 = J. O X 0 SEC-PARTIC (87)

The characteristic time for the term (86) is then
/

T - 77pK1-1  (88)

where

ENERG6Y PULsE/ , S E./1-
-- M VOL UM 6 7-2Cp = 5x10 CM :89)

and then, T: 12 NSEC.

Rather than include- the reactions (83) and (84) in the

system of equations on page 26, the rodel will be simplified

by assuming thatstirriulated emission is very fast compared to

the pulse vidth 1 2NSEC (KIOCNSEC. With this assunption,

all the excited HF molecules in the upper laser level, N2

created during the integration interval of 20 nsec will be

stimulated to emit a photon.

Once a photon is created, it leaves the optical cavity

very quicl-ly, due to low mirror reflectivity. The photon

28
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lifetime is given by

/

(a Li - (90)
L R [50:791

where Uc) is the distributive loss coefficient, L is the

cavity length, and R is the output mirror reflectivity.

Assuming (3o4= 0 and evaluating equation (90) for the Raytheon

laser (L:= .56M R',30/ ), TC =3./NSEC.

Therefore, most of the photons created in the 20 nsec

integration interval will leave the cavity. The output Dower

is then

P =[HF(2)] V AYt = 20NSEC (1
Lt (91)

where [H-*(2)] V is the total number of l)-2 HF molecules

created in the 20 nsec interval.

The solution to the system of differential equations

on page 26 with these assumptions on the optical processes

is detailed in Appendix B. Several of the equations can be

decoupled from the rest of the system and solved directly.

The remaining equations form two sets; one involving H2, H, F,

and F-, and the second involving the vibrational levels of

HF and the output power. These two sets are solved numerically

by a step-by-step integration method. The resultant power

pulse shape is plotted in figure 3.

The HF pump laser has been discussed in these first

two sections. The final section of this chapter will

analyze the optical pumping and CO2 laser.

29
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Optical Puinpinn, and theCo. L er

Various pui!Tping techi-irlues rry be used to establish a

population inversion within a lasing inediu'i. Optical

pumping, using a high energy IR laser to ptUL.p a second

laser modiun, can be advantaqeous. Most of the energy can

be efficiently coupled into the lasiucg medium. No pumping

of the lower laser level occurs, due to the narrow energy

band of the puip. Optical purmpirij in this case is used to

convert a laser beam to a long!er .'vcelcngth.

Several types of optical puupirq are possible [51,£]

Figure 4 illustrz;tes five different optical pumping schemes.

-- 7

R rniin alaeoaPtrnio.agm b shows

VIvO

31--

-_;-7.

d e

Fi gure 4.

Optical Pumping Schemes [51]

Diagrams a,c, and e illustrate pumping and lasing occur, ng

on the same fundamental band. One example is to pump on an

R transition and lase orn a P transition. Diagram b shows

pumpinq to a fur~damnental level and lasing wizthin a difference
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r band to a lower level. Finally, diagram d illustrates pumping

to a combined vibrational level of the molecule ( such as 101

In CO2 ) and lasing on a hot band.

A number of lasers based on these processes have been

demonstrated [2,52]. Investigations of HF pumped media [2,521

and optical puiping of CO2 [53-56,25] have been performed.

Raytheon searched fc:" a laser source at 4.3 - 5 pm compatible

with the 11F/DF laser design and found no "priciple" laser

source [3:56]. Isotopic species of CO2 [2,23] and 1t 20 [2,52]

appeared to satisfy the requirements for optical pum~ping by

the 11F laser ard were investigated [3:56-57]. No lasing was

achieved with 120, but three isotopes of C02 , including 12C1802,

did establish lasing. One other HF pumped CO2 laser has been

reported [23].
The isotope 1 2 C1 8 02 was used in this experiment and

the HF P2 (6) transition was used to pump the CO2 101

vibrational level. An inversion is created between the 101

and 100 levels and is of the type of optical pumping shown

in figure 4d. The 001 CO2 level ,'s nearly resonant with the

lasing transition and some self absorption will occur. The

lower laser level decays mainly to the 010 vibrational level.

/0/ L A-S' N(G (4.3LLf)_ 00/

HF
PUMP. 100 ADS.R PP(2. BgM) DECA Y 0/

900

Figure 5

CO2 Energy Level Diagram
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A first orider calculation of transitioi, frequencies can

be 2c fror.i tl; funn :.;i: vibratior al tdes:

U, -/3301) ct,,, - SYMMETRIC

PV=- 66 7.3 CM - ANGLE BEND
Pz=2349.*3CM" ANTI-SYMM

[57)

From equation (92) the transitions are:

000-0/

/A '- koi- Pooo = V=-15679.3 CM' (93)

01 10)7 =7 = 2349.3CM (94)

001-000 (

Ap oo/ _V'0oo :13 ::2 z49.3 C11,
00! ~Tho ~'32254.3CM(95)

Due to the requirement for nearly resonant pumping, a

much r-ore exact spectroscopic study is required. Rotational

levels iust be considered a-d more precise, experimental

ri;easuremonts of the energy levels arc needed.

A first calculation of rotational levels, shows a large

seperatioa betweir: adjacent J levels:

Ej =/3J1 'J-i.I)hC Au =  / (96)

AE=E., - Ej= 22( J/..)hC (97)

The seperation bvt..een linues is

At" /E 213 /r, 87CM - (761
(98)

and, then

[-E-AF ?74CM'/ AI)'zc'.774)=2 3-2GHZ
(99)
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The exact rotatiorna-vlbration transitions are given

in figure 6

IIF --- - =
P (6) = 7

.S (oC;)

000

Figure 6.

12 C18 0 Energy Level Diagrarn[22]2
It is importarnt to note the degeneracy of the angle bend mode,

denoted by the angular romertum qiantm number superscript,

and the nuclear spin, denoted by the subscipt, to obtain

the very exact transition frequencies required.

Many studies of the 10.6 pm band of CO2 are available

as a result of high energy CO2 laser research [58,59], b't

less data is available for the 2.8 - 4.3 vn region, particularly

for certain isotopes of CO2 . The 2.8 pia band for 12C160 2

13ClGo ard 12C160180 are known to an accut :y of .005 cm-i
2*

[60] and for 1 2 C1 80 2 to .03 cra- l [61]. Such accuracy is
inadequate to compare the seperation of the P 2(6) 11F line

and the (0000) - (100l)z CO2 transition. Buchwald qives

a seperation between the lIF P&j6) line and the CO,& absorption

transition of A - .OO/CAj, based on direct laser pumping

observations [23]. This yields AP=A](C)= 2/0 M/-IZ.
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N'ote that this seperation is riuch less than the 23 GHz between

rotational levels o CO2 and thus only one rotational level

need be considered.

Finally, a study of line broadening is required. Collisional

broadening is givern by equation (9)

Au =(225MH Z) P'QI -E(D )I/.J4--

For pure 12C1802 at 7 torr total pressure and 300°K and

using the C-O bond length of 1.2 angstroms to give a 2.4

angstrom diameter for CO. ,then

P C --5. 602 M H z100) _
M38:F202]

Doppler broadening is given by equation (11)

S = XoV ---l (11l)

and at 300 0 K for 12C1802 at .2.8 Vm, and 4.3 um,

/,vj- 192MHZ A (101)

The total linewidth, /1PT , based on the Voiqt Profile

as given by equation (12), is for L\-_2MHVC 82/42

9 96 MHZ Lv\- /29 MHZ (102)2.e8lm p. m(12

The CO2 transition for absorption and the HF P2 (6)

transition are shown in figure 7.

As the HF frequency is increased, more of the HF pulse

is absorbed, ogreater CO2 population inversion is created

and a greater output power should be obtained. In this

rough way, CO2 power should depend on HIF frequency. Two

calculations of this dependence follow. The first is based
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Fiqurc 7.

HF and CO02 Line Broadeninq
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P,,q

on figure 7. The sccond is based on a derivation uf the CO2

gain curve arid its deper,' nce on liF frequency.

First C I ctilitici-

The CO2 absorption curve is Doppler broadened and the

lineshape function is

G(P r /7A62EX( 4 /m2 V 13

LIT 2CO M/1Z [24:1671

whe re

Io =C/X ; X 2.81Y1j (104)

and let I 6 00AM/z (105)

Then

1.2( (1106)

The absorption coefficient is related to this lineshape

function by

vihere V; 2 1, 1 / and nl2 are the nuiAber densities of molecules

in the lomer and upper CO2 laser levels, B2 is the stimulated

Einstein coefficieiit, and C is the absorption coefficient

as in Beer's Law

(100

Since the number of photons incident is proportional

to the incident intensity, T , then

t~~ ~% 9 C.~-x (109)

where N is the number of photons remaining in the HF pump
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bean as a function of the propoq,-ation di.,tance, Z , bnd M.

is thC number of inciC:Ilt phot s

The nuhr of phoLrc, ab..u, , I-/ i s i ical to

the nuriber of CO 2 moiCcules pUhiped to th 101 ener(iy level

The incident photon ntiber i:; estiwated assuninq a uriforri

number of photons in ti.:e:

P(), E El' !f5 Y IJ 16
N(oo hPz -/G .. .. cT-2 O - 22× (111)

If a small total absorption is assu,,cd, then there

will exist a uniform lu:puhation inversion w:ithin the length

of the CO2 gJ ce 1 (L::2,/C a the pop"l-tion invcrsion

77/ 2 17, . A characteristic: time can then

be defined a.s

-471BI2 1& A(
-4c- n,; L 132
4TrA (3)

h 7 C P1

(114)

where

-2 /) -'-.56 0 - JOULEs (115)

(.P-- /.) 2 2 , 10 J
2H TOflE t,14116

and from r62];A91=.63Sf anJ f,'t,.' q (20),B2=3, l 2

The characteristic time is then
74= ~ xl -II

7%= 70x /0 SEC AT 7 TORR (117)

From cquat;on (107) and (110), the 101 level population is
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Ass o:.,! o o 11 1 s , the p:Ise Cen crgy iS

1E = h}.. !I- E XP E'

or

1 r L - I V 1 (120)

The abserpitioi, frui, equation (109) is

- 5Xk(-I.5D _EXP (121)

or

L 0 CM TOR (122)

Hi- power waEs assue.d not to vary with irF frequency

in this derivation. The liF transition has a large collisional,

or hoWoq;eneous , bioadeninq. For a c., homnoqeneously

broidened laser, the gain is "peg(,cd" at the threshold level.

Under such co, dii.ion., 7 -'FH , aid the po;ler is held

relative ly constant with changjes in frequency. The time

interval before the gain returns to threshold level is

basically the time requived to reach a steady state solution

of the lkser ratc equations. This is a relatively fast

process and is basically determined by the photon lifetime.

Froe cquaition (90) the photon lifetime is 3.1 nsec. Since

the pulse time of 100 nscc is much longer than this lifetime,

it may be assumed that iF power does not vary significantly

with lIF frequency.

A plot of Cr;? absorption versus C02 pressure (eq 122) is given

in fi eure 8 and CO2 power versus III- frequency in fiqure 9.
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Several guneral remark~s concerning these theoretical

results can be made. First, CO2 power is very sensitive to

the offset freqtn,-ocy, ( 11F frequency - CO2  line-center, and is a

nmaximout for zero offset. Pumping directly on the C02 linecenter

is most efficient and efficiency drops off rapidly with offset

frequency, as expected.

Secondly, pow.:er increases with increasing C02 pressure.

This is reasonzble, for the number of absorbers is increasin

and thus output power increases. Note that the increase in

power is not a result of increased linebroadening, because

the transition is Doppler broadened. This second effect

would be important above 70 torr, or so. In such cases the

model would require revision to include collisional

broadc ri rig.

The theory does not predict a maximum operatinq pressure,

but rather pov:er increa ses continuously with pressure. This
is clearly not physical. The model assumed small total

absorption, but as pressure increases so does total absorption.

The small absorption assumption faills at high pressures.

Even at I torr, 80% of the HF bean is absorbed.

Finally power increases with increasing T , orI

increased Doppler broadcning, as expected. T is basically

a constant of the transition in question. The actual output

power is rather sensitive to inaccuracy in this number, however.

This calculation of CO2 poweer as a function of HF

frequency has neglected the effects of coherent pumpina.

Two photon processes can affect the gain spectrum F63,64]

and saturation [65-67] of laser excited lasers. In the
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Raytheon study, the CO, gain curve was derived includinq these

effects and evaluated for different F frequencies r3:63-66].

Second Calculation

This derivationt is based on the work of Feld and Javan,

who studied the line shape of a Doppler broadened transition

in the presence of a laser fiel d resonatinig with a second

doppler broadened transition sharing a common enerqy level

[64]. The derivation is valid for two Doppler broadened

transitions if one of the fields fully saturates its transition

and the second field is weal,. The intense field must be

detuned from linecenter and the difference between transition

frequencies greater than the netural linev:idth of the medium.

The three level :ystem is as shown in figure 4d, and

in terms of the CO2 energy levels is as shown in figure 10.

/0) /01 WEAK(0 2

S tRONG

(2) _o00

Figure 10.

Three Level CO Model2

The three level system consists of the strong HF pump field

resonant with the 000 - 101 CO2 transition and the lasing

transition (weak field) is the 101 - 100 transition, with

the shared level being the 101 level.

A single, inhomogeneously broadened gain curve will
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deriunstrate hole burning in tht presence of a laser field.

That is, molecules ith z velocity such that their doppler

shifted observed frequency natchf-s the laser frcqucn.:

will be selectively depopulatud from tkjupper laser level.

A second transition sharing one of these selectively depopulated

energy levels has its own doppler curve altered. The gain

of the first transition is

/ ( (123)

and of the second transition is

T =- G- i 2 o- N0- NI ) (124)

where 7 is thi gain coefficicot, J7 the absorption crossection

and N. the total population of the L energy level . Thus,

holeburitig in one gain curve affLcts NO %hich in turn

affects the second transition's qair,.

The gain curve for a sinlc, hole-burned doppler

transition is symuietric, but this need not be the case for

the coupled transition. This vssymetry,;ill produce a directional

depotndance or gain. A ber.- of radiation i ron the second

transition will be mere intense when it p;-opogates with the

purp Leam than when propogatinq in the opposite direction.

This issue rill be discussed again in conjunction vith the

amplified sponitaneous emission nature of the CO cavity.
2

There a.re actually two distinct processes that affect

the shape of the gain curve of the weak field. First, there

is the single quatn effect already discussed in which one

Nield affects the rate of stiu uAlated em,ssion in the second

field. The second process involves the exchange of a photon
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with each of the fields and is a two photon process. Both

of these Processec can 5e a.lzed eb cstablichiqg the

transitioii rates j:ith a scril-ciassical, perturbational

approach.

This derivation involves ten major steps:

(1) Express the electric fields classically with the
appropriate fre-quenci es, '2 for HF and ), for the
4.3 r CO2 trzcnsitio,.

(2) Transform to a coori'Unate frame at rest with respect
to the particles of velocity U Frequencies must
be transfori.!d accoidii.q to the doppler effect,
I)= Vo(/ +U/C)

(3) Express the fl- A;,iltonian as the sum of the stronq
field and v.e;!. perturbing field potentials,

H -14o -/P r

where V-.. is the perttrbirnt, potential of the
weak field F2 ff is the stronq field, and/I
is the dilo le rm1o1aint.

(4) Expand the -vavefunctlon, 'T-), in terms rf the
stationary states, t

(5) Apply the tioi;..dependcnt Schrodinger Wave Eauation to

(6) Integrate over all space arid transform to the Heisenberg
interaction picture (C'-ei )

(7) Establish the equaticrs of motion in terms of the
tine derivatives of the wavefunction expansion coefficients
fd77) and add term appropriate for spontaneous decay,'T•-L Ev 4 _

(8) Solve the system of equations with a perturbational
method

(9) Calculate the transition rates, qiven by IdJ
Total power is P=T2J+, TnJol--dl3I'd- where Tk. is
tha population of V' and ;.j is-the transition rate.
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(10) Take an ensemble averaqe of velocities, directly related

to the frequency by the doppler effect,

Then, gain is

6"j 1 r 2  coT {I[K74 EXP-U

F r/U x I l

[20s

Where,

M,'48AMU. MOLECLILAR WEIGHT CF CO2

K= 8OLTAIAN CONSTAT Ti /'i =PLANCK CONSTANT

T=-AL3SLUTE TEMR. ; C=3xI0eA, fs

z}2CO2 GROUND STATE NUMBER DENSITY

v0"o= C02 10(I-100 LINECENTER FREQ.

V2=CO2 0O *.IOl LI NECENT ER FREQ.

TSPONT DECA TiM E FRO 101
I00 0

"V62)+0:- 'T2

/01-000
T2, RAMA N CO0HERENCE DECAY Co-/GO
= U1 (CO-/COUNTR- PROPOGATION)
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Tiis e i:,rts, i (in for g1 1n was eval ua ted numerically

in referent - [3] u.i(:, r vari nu.. c onditionis. Olf particular

interest a.,e the :-sults for HF power 1 100 kW/cm2 ( .7 mJ

per pulse coupled into a 3ri-. diameter tube), CO2 pressure =

10 torr, and thrce different HF pump frequencies [3:661.

The results for these conditions ave given in figure 11.

A 0 . . .. . ..

Figure 11 .

C;02 Gain for 3 [IF Pump Frequencies [3:651

From these curves, CO2) otitput pow-.er as function of

frequency can be established. First, the nature of the CO 2

cavity will he addressed

" The C0 2 lase" is simply a pyrex cell with CaF 2 windows;

no mirrors are used and sufficient gain is established in

a single pass to produce 121sino . That is, the CO 2 laser

operates in an amplified spontaneous emission mode (ASE).

Typical ASE oper4tion does not exhibit a preference for forward

or backwoard proporiating beams. The ttF pumped CO 2 laser

has a forward to backsard power ratio of 12, however [3:73.

This ratio is partially explained by the previous aruments

concernna the coupling of the two doppler curves. The
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optical pumpitii also es .lisheS a population arradlent

with i the Ct.1I due to the variabl ! inutensity of the HF

bean as it piopu-jates tht-outjh the CO2 aas. The 11F beam

also requires a fihite tive to pass through the cell and

the population inversioa at one end is established before

it is at the other end. A detaileck rate equation

investigation v.ould be required to explain the

details and size of the forward to Lbacki;ard power ratio.

Such a directional nature to qain is often associated

with supt;rradit,,ce [68-70]. It is probable that this system

is not Superradiant and sir.,ply operates in ait ASE mode. The

Raytheon report states the CO2 4aser operates in ASE mode without

explanation [3:/0]. Supcri-rdia|,t operation usually entails

very short time scales, c(: the order of picoseconds. In

a superradiani rrode, the moleculcs in a volume whose dimensions

are m uch less tha:n the size of a wavelength are coupled

and power is iiroportionz.l to the number of excited states

squai'cd, rather than linz.rly proportional to population

inversion , as in ASE. Since the same energy is available,

but the pulse is much greater in magnitude, the pulse must

be narro'w1 in time [71]. The CO2 pulses do not exhibit this

nature, but rather, they follow the HF pump pulse rather closely

[3:74]. No conclusive statement concerninq suoerradiance can

be made from, the data obtained in this experimental study,

but the process is probably not important.

Since the CO2 laser operates ithout a "cavity", the

determination of axial modes from the usual criterion of

waves constructively intcrferrinq does not apply. Rather,
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there exist!, a "naturail" cavity lenqthL , determined by

the gain curve. The system will terd to operate at the

raxiraum in t:;e gain curve for ASE operation.

Now, returning to the gain curves, the CO2 power as a

function of HF frequency can be obtained From the maximum

gain of each curve in figure 11, as shown in Table I.

Table 1.

CO2 Gain versus HF Frequency

6(oo,vHz M) " ,

0 55 .0

/ 35 .64

2 /0 .18

100

Power is proportional to gain. If --r and Pp for ,

P_then Xoor -p can be plotted as a function of HF frequency,

as is shown in figure 12. A value for P' will be calculated

after considering gait, saturation.

In the Raytheon investigation, no variation of CO2

power with changes in HF frequency were observed. Saturation

was suggested as a possible explanation [3:75]. Saturation

in two senses can be considered. First, a total inversion

is possible for very high pump energies. If one-half of

the CO molecules are raised from the 000 state to the 1012'

state, then absorption goes to zero. More intense 1IF beams
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. A 2ND RESULT
(FROM TABLE I-)

8 _ IST RESULT
(FROM -TGURE 9)

.7 -

A

.6

05
II"

.4

.3

Q2)

02 3

Frequency Offset, (100 M~lz)

Fiqure 12.

C02 Gain versus 0F Frequency
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will siim-iply be tr,nsitted by the CO2  gas. Secondly, the

laser field creat.d by the population inver'i-on decre~ses

the invcrsion and thus, decreases gain and jpuw( r. That is,

gain depends on tihe field intensity.

Under no circumstance is the CO2 syster' comnpletely

inverted. Assuming a Boltzmann distribution of molecules

among the rotatioiai states of the ground vibrational level,

only 5 % of the total nu:.iber of CO2 molecules populate the

J - 8 leel and are accessible for transition to the 101

vibrational level. Ouchv:ald found tlhc characteristic ti.e

for equilibration of the grcimd state rotational levels to be

90 ws-atn, or .8 ns at 7 trrr [23]. This equilibration time

is much shorter than the ptimp pulse duration of 100 ns.

Many of the ground state CO2 molecules wiil fill the J 8

level as the HF purip pulse depletes them. FiN-2 percent of

the total CO2 number is a very conservative va-lue -for considerina

total inversion and will be uszed.

The number of CO 2 molecules available for transition are2

.0N= , =4 (126)

f o r VT=-3 1 3 0 K P=7TORR . The incident

number of HF photons is from equation (111) 2.2-10/5

Even if every photon is absorbed and only 5 % of the CO

molecules are available for pumping,. t5> =

and a total inversion is impossible. Raytheon used a snaller

cell ( 2.3 cr.3 ) and a higher pump energy (.8 mJ). For these

conditions, N P/IObN= .15 and N2  NI  A total inversion
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is possible it all the 1'hotow. are absorbed and no equilihration

of roL ationat1 levels occur. 1hlk is not the case and the

systeii would o;.Iy approzch the cri teria for a total Inversion.

Saturation from t.e laser field intensity reduces the

gain of the system according to

} (127)
4- [24:168]

whe re ' s

zV C?9 (128)

zs ), (130)

This gain saturation rolationshiP is strictly valid for

a steady state operation. The cavity photon lifetime is

very short for the CO2 las.r since there arc no mirrors

on the cavity. The argumrents of pt.zge 39 can again be used

to justify the use of equation (127).

To evaluate S from equation (129), the lincshape

from equation (106) and an Einstein coefficient of A21 "

[3:601 is used. Approximating the inversion lifetime, T

as the pulse Oldth (100 ns),

3
)s=L'tO! cM,".s (131)

The HF pump Intensity is

v"3.' O C S (132)

A beam spot size of LJ=.CCM'is used in this calculation.

The CO field intensity is some fraction of the HF intensity
2
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2 -. /and .1 Under these ccuditions the transition

is rot saturated.

For the Raytheon studies, E:=O.67r1J and-A=7Tf.Olu,

giving rjjF- :.I, 10 _7tJ2  , and the 101 -100

transition is certairnly saturated.

Now that saturation has been examined, a valut of PO

for page 49 and figure,12 can be calculated. rrora equations

(131) and (132) , the tel ation bctv:een small siqnal and

saturated gain is

(133)

Gain is related to inversion by

Sti: S'Ea I(134)

and inversion to energy per pulse, assuminq no losses,by

A, -" (135)

where A is the populfaion inversion per volume and U is

the opticol crossection related to transition rate by

(136)

Again using "( ' 7 - l S and A2 2 0o- then

ik2,,d4Cl.f (137)

and energy is

EPx3~ )., v30 (138)
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The theory of the HF pu!-.p laser, a kinetic iwodel for

thle SF6 + 1;2 in ane electric discharge, and the theory

(if optical Pumping alld thle CO2 laser has been presented.

To compare these pred-Ictions~with the performance of the

actual system, an experiment has been designed arid is described

in the next section.
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This e-.: r;rnent el,, esi qned to characterize the performance
of tie HF p~ui,:. d CO2 claser and study the dependance of GO

pc,,.;er on HF frequency. First, the HF laser developed by the

Raytiheon Corporation [3] and the modifications made to this

laser will be described. Next, the experiments to characterize

the HF lser's perforrance are outlined. The HF pumped CO2

systc. is then analyzed, including the coupling of the HF

bear, into the CO2 cell. Finally, the ep- vmental set-up and

procedure for, the freqIency itivestigation is presented.

HF M.rscrirtion

The mol(cular laser used to pump the CO2 laser is an

SF + H2 /D 2s electric discharge, high repetition rate HF/DF

laser. Only hydrogeri vill be used in this experiment. The

laser's specifications, as presented in reference [3] are

listcd in figur2 13.

OUTPUT ENERGY: ) /TnJ
M U L TIL-NE

REPETT-TTON RATE: TO I0,000 PPS

PULSE WIDTH /00 NS

Figure 13.

HF Laser Specifications

A picture of the laser, without the hiqh-voltaqe electrical

cotiectiorns or exhaust pump, is shown in fiqure 14 [3:291.
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The cathode (8" x 1 3/4" x 3 1/?") is situated above the

cyl il;drical body (13 1/4" x 14 1/2"dia) di rectly iho'e the optical

cavity (gas volu;:.e: 17 1/2" x 1 1/8' dia.). The (Irating (left)

and output coupler (right) extend the cavity to .5 meters.

The remainder of the cylinder houses the gas reclrculatina

and coolintg systems, and the thyratron.

Details of the laser and its four subsytems will be

discussed in the followIng sections.

2P i C a _Cavity_

The reacting gases are sealed within the cylindrical

lasev, housing. The optical path is formed by two CaF windows

(1 3/8" dia.) at m-i.stei 's angle, 55', seperated by 17 1/2".

The cavity is establishedby a copper and a germanium mirror,

as Shovin in figure 15.

-- .5 M -1

v L2.CM  .M

CplO) = 51 0/ ---- 4.5 CjW R,.'q'

OY6.F. N FRc E P.JHIGH CONDUCTIVITY F /,I

COPPER GERMA NIUM

Figure 15.

1fF Optical Cavity

A 300 gr/mm grating ( 1 3/4" x 1 3/4" ) can be exchanned for

the copper mirror. The grating's normal is fixed at 390 to

the optic axis. A 35 % output reflectivity was selected as

the maximum output coupling based on the work with an HF
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mini -TEA Iaser 3: 10]. The active volume of the optical cavity

is detri :ined by the elctroJes and is described in the next

section.

Electric Discharqp

The electrical circuit design is dictated by the requirements

for a 350 Amp, 120 ns current pulse to initiate the chemical

reaction at repetition rates of up to 10 kHz. The discharge

circuit is shown in figure 16 and consists of three main

components.; (1) the voltage supply and doubler, (2) the

trigger and thyratron, and (3) the laser cathode/anode

structure.
.¢.v-J .,,H5tN

HV - 8 -- 0 CA THO DE-'-7---- 1

DCI 1~ -ANODE LAER
PLY -  _1

Htp-Y300 _

Figure 16.

HF Laser Discharge Circuit

The 6 kV supply charges the 5 nr capacitor through the diodes

and inductor while the thyratron is open circuited. When the

TM-5 trigger fires the thyratron, 12 kV is placed across the

cathode/anode, a large current flowIs through the thyratron and

from the anode to cathode. (Electrons flow from the cathode to

the anode.)

The DC voltage supply is a lOkV, 5kW, Glow Discharge

Power Supply, Electro Powerpacs Corp Model 1102. The high

voltage diodes are manufactured by Solitron, but no specifications

could be obtained. The Saturable inductor is used to eliminate
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the losses associated with resistive charging and to meet

the l(.i, repetition rate requirement. The high inductance

required for charginq the 5 nF capacitor would also cause

the thyratron to "lock-on" during discharge, but the inductor

reduces its value to 20 mH at saturation and the thyratron

operates as designed.

The flY 3001 hydrogen thyratron switches the current

through the cathode/anode. The thyratron consists of a

cathode, anode, arid high voltage grid. Electrons are accelerated

froa the cz:thoe to the anode under the high voltage and collide

with 1.2 tnolecules, producing ions and electrons by the reaction

H2 + f e 7---H--e (139)

The current is increased by several orders of magnitude.

The plasma nuetralizes and the current pulse is terminated.

As long as the grid voltage is held at a large negative voltage,

no current flovws. But, as its value is made less negative,

elctrons begin to leave the cathode and eventually acquire

enough energy to ionize the hydrogen gas. Breakdown occurs

and a sharp pulse is created. A photograph of an oscilloscope

trace of this current pulse as observed by Raytheon is

presented in Appendix B.

The trigger for the thyratron is an EG&G TM-5 trigger

module with a 14Y 6004 hydrogen thyratron that produces a 25 A/

2.5 kV and 500 nsec output pulse, with a variable repetition

rate to 20 kHz.

The cathode consists of "68 molybdenum pins, .03 inch in

diameter, sealed to a high density alumina body using 7052
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Corning glass" [3:40]. A 220 Ohm, 10 Watt resistor is

connected to each pin. The pins are ar-atiqed ini three rovis with

.083 inch scperatiuon betwecn rows and .33 inch se)eration

between pins in the same roil', The flit aluminum anode is

.4 inch below the ca.thode. This anode cathode seperation

was chosen on the basis on tests that Raytheon conducted with

the mini-TEA laser (3:41]. The total active volume is

7.5" x .166" x .4 " .5 cubic inches = 8.16 cubic centimeters.

Gas Flow

This gas laser requires a flowing system for two reasons,

(1) products of the chemical reaction must be removed from

the cycle and fresh reactants supplied and (2) products of

recation ard heat of reaction must be convected from the

optical region. The systeo is not sealed and gases are

recirculated many times before being ex:hausted.

For maximum operation, a fresh SF 6 + H 2 qas supply

should be provided for each discharge duration. This establishes

a requirement for flov, velocity [72]. It is inportant that

reaction products be removed from the optical cavity and two

processes accomplish this: (1) recombination processes such

as

SF5+ F-- SF6  (140)

and

H H
2 (61)

and (2q convection of products from the active volume by

high speed flows. Recombination processes are discussed in
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the theory section on kinetics, pages 12-26. In general,

these processes are slow and convection serves as the primary

means for removinq unwanted products.

If a uniforr), constant gas flowi is assumed, then the

flow rate criteria yields

FlOW 9!S -VOLUME,,REP PATE (141)

The flo,, will riot be laminar and uniform for three main

reasons; (1) a boundary layer wrill form on the electrodes,

(2) the flow will be very turbulent, as a result of the physical

design of the gas recirculating Oysten, and (3) sudden

heating of the gases durintg the electric discharge will

creat pressure uves within the gas mixture.

Dzakowicz and Uutzke cstinate the required increase in

flow rate due to processes (1) and (3) to be a factor of

2 - 5. [72].

The speed of sound in the SF6 411 2 mixture may be calculated

theoretically. The heat capacity of SF at 300 0 K is* 6
23.329 cal/molc OK [73]. Then, from an ideal gas approximation,

R,= 2 CAI/ LE "K
Cp-R,,. (142)

and the speed of sound is

Vf -/ (143)

This establishes an upper limit on repetition rate for a

subsonic, clean flow.

The flow of gases external to the HF laser is diaqrammed

in figtire 17. Gases are stored in 100 lb. cylinders at

20 psig and fed by 3/4" plastic tubing to a control panel
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with Matheson 603 (112 ) and 605 (SF 6) flow meters to control

the flow rate and mixture. Ci-librdtion charts for these

flow meters are qiven it-efiqvre 18, fromi [3:88]. I or the

typical operating points of 2turi 142 and 35 mm SF6 , the flow-

rates are 1.4 1/min and 5.6 1/min, respectively. The SF6 + H2

mixture is introduced into the HF laser across the CaF 2 br,erister

windows. The flow of gases within the laser is illustrated

in figure 19 and discussed belo\..

Gases are exhausted through a 1 1/2" Hayward PVC Ball

Valve and an Alcatel ZT 1060C vacumn pump to a chemical

scrubber and exhausted to the atmosphere through a roof fan.

The ball valve controls total gas pressure in the laser cavity.

Once gas is in the cylindrical laser housing, it flows

in a circle past the discharge area, through a sulfur precipitator,

chemical scrubber and heat exchanger. For low repretition rates,

two Rotron Propimax 3B ?Hodel 75'D fans with a 62.8 I/s capacity

each, are used to recirculate the gases. The flow velocity

within the cavity is

(144)

The speed of sound from equation (143) is 136 ri/s and then,

the mach number is

U.48
(145)

The fresh gas-flow rate is 7 I/min or .12 1/sec and on the

average the gas remains in the laser cylinder for 523 cycles.

With this large number of cycles before exhaust, many

contaminants will build up in the qas flow. The kinetic

model presented in the theory section was based on a single
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Sulfur hexafluoride at 20 psig.
Matheson 605 tubc, glS:-; ball.

Figure 18.

Flow Rate Calibration Charts r3:5181
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cycle and ineqlectcd th, foi .,!.tion of S, H2 S, groind state HF,

etc , lh c:i are f oi .'d don-.-,.r t li of the discharge vol ubie after

rany cycles. In ordc-r to cliioinate irse unwanted products

from the flow, a sulfur precipitator and chemical scrubber

are included in the laser gas recirculating desiqn. The

sulfur precipitator is constructed of many, water cooled,

aluminum plates. lvo che:iical scrubbers containina Linde

5A Molecular S.ievc,- remove other contarmtin ants. Note, as the

laser is run for eXtcnded pcriods, paLiculates will build

up on these collectors and their efficitncy will be deoraded.

The odor of I S %,:as noticed in the laser exhaust and it is
2

ass:med that the pliIciplteto" and scrubber do not efficiently

remove co, taW inants f 'ora thc flow.

Colini _ Sy!:tcm

The electrical energy input to the laser is rather hiph:

V: 1 I k/ - 2f W (AVE. D/ , H t ,-, E ,.0 . ,/ p (14 6 )

I V 4 MW (PEAK DISCHARGE POVER) (147)

"FAN- 0 0 I' (FANS POVER) (148)

This energy heats the gas, cathode, and other cor .ponents.

Output po,..4er is very sensitive to gas temperature, see

figure 20 [3: 13]. To cool the gas flow a Lytron Model

5120 Heat Exchanger (38,/°F) is included in the desiqn.

Extreme temperatures will also damage the electrical

components. These elements are air, water, and oil cooled.

The gas recirculatinq fans are cooled by the hiqh speed

gases flowing past them and should not be onerated with

less than 50 torr total pressure in the cavity. The saturable
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inductor and voltaoe doublinj circuit is air cooled by a

sill fan. Cases aire cxhaustcd to ati:(,;sphere and convect

heat fro:. the laser.

The remaining cooling is complcted by a water and oil

(silicone, 20 cs viscosity) flow system as depicted in

figure 21. Chilled water cools the heat exchanger and sulfur

precipitator directly. The oil cools the cathode and thyratron

in a closed flow systei. The oil exchannes heet with the

chilled ,water in a Younq SSF-302-RY-2P heat exchanner and

is puMped by a Little Giant Model 13 pump.

HF Laser M~odi fi Cati ons

A iumber cf modifications were iade to the HF laser

to compplcte the frequency investigation and to renair damaqed
componel ts.

O__ptic CAl Cavity

The power - frequency relations developed in the theory

section wiere based on a single axial, TEM 00, P2(6) laser

transition. The experiment also requires a controlled

variation of IIF frequency across the linewidth of 500 MHz.

The HF laser normally operates multiline and nmultimode, however.

Two modifications to the optical cavity were made to solve

these problems. An aperture was designed ard installed to

force the laser to the TEI 00 mode. A piezoelectric crystal

was added to drive the output coupler mirror and control HF

frequency. The P2(6) transition was selected with the nratina

replacing the OFIiC copper mirror. A diagram of the modified

optical cavity is shown iii fi(lure 22.
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Modified 11F Optical Cavity
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The variable aperture is continuously variable from

.059 "  to .70) " lith thirteen cal ibrated posi tions

(.059, .086, .128, .159, .193, .221, .281, .323, .359, .406,

.500, .709 inch). TEM 00 opcratition is achieved for

aperture diameters of .221 inches or less. The aperture

is mounted in an aluminum plate and fixed to the qratinq

mount with a vertic position control and centered

horizontally on the discharge volume.

The HF frequency, , is varied by chanqinq the cavity

length, , with a variable voltaqe, 0 - 1.3 kV, applied to

the piezoelectric crystal. A Lansing 80-214 Lock-in

Stabilizer is used to supply the hiqh voltaae to the crystal.

In the slow scan mode, this supply prevides a linear ramp of

o to - 1.3 kV in 44 seconds. The crystal returns to its

unperturbed leIigth in less than one secotd. Finure 23

shows a plot of the voltaqe applied to the crystal as a

function of time.

(k V) _ _ _... ..

Figure 23.

r'Z Voltaqe as a Function of Time

The crystal expands by 2.22 vim under a 1.3 kV applied

volti,9c. This motion was detected with an Ealinq Michelson

interferometer as shown in figure 24.
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Interferometer Test of PZ Crystal Motion

Friiiyes of 2.5 cri , diameter were achieved at the screen and

a shift of seven orders wais observed as the voltagle was

was varied fro.mi 0 to -1.3 kV. The length channe of the crystal

isN
AL = r 22L rn

(149)

This nearly meets the requiroriert estLblished by equation (18)

for covering the 500 11i11z linewidth of the HF gain curve.

The cryztL was mounted on the laser with an adapter

that screwsed into the origiral mirror mount. The mirror was

held to the adaptor by the same ring screw that oriciinally

held thc mirror to the cavity.

The modified cavity 'ength is 56.5 cm and from equation

(17) the free spectral ratioe is 268 MHz. The free spectral

range is less thon the linewidth and two axial modes wiill

exist during extended periods of the piezoelectric crystal's

sweep. Given the physical dimensions of the cylindrical

housing, little can be done to increase the free spectral

range.
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- When two axial modes exist, both will purip the CO2

000 - 101 transition. The node on the lv: frecuency end of

tho' gain curve %-,ill put p much less efficiently, how,_iver.

It has an offset frequency of 265 MHz areater than the

first mode. Based on the model of pages 37-42 and enuation

(121), the ratio of pumping efficiency for the two axial

modes is
....~ E : '-P -" ( .l

~ (150)

and the lower frequency mode may be necIlected.

Frequency stability of any mode could be enhenced by

increasing the nuriber of axial modes. If the free spectral

range were to be decreased to 170 MHz (3-4 a',ial modes),

the ratio as calculeted in equaition (150) would increase

to 10 % and the second mode's interaction could not be

neglected. The theory would be sigrlficetly corplicated in

this case. Note also, that decreasinq the free spectral ranne

lliits the range over which the frequency can be effectively

varid. The effect or, CO2 laser power at large offset frequency,

6, w'ould not bc measurezible. For these reasons, ore or two

axizal modes is preferable.

The spot size of the IIF be;,m is iwportant, because the

bear. must be coupled into the CO2 cell %il 1 sufficient

intensity to establish the threshold population inversion.

The HF beam is large and will be reduced with an optical

system external to the HF cavity.

Several other problems were encountered with the optical

cavity. Beai quality is rather poor due to aperturing, flow
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turbulence, etc. Beam divergence is large, about 9 mrad.

The co,;trcl on opt I cal ali :;::ieint, p::rticulariy for the

gratiing is poor. Final ly, the output coupler %.'as not truly

flat on tile external side, with a wedre angle of 7.3 inrad

in the vertical direction and 14.6 mrad in tile horizontal

di rectiorn.

Electric Di schae

Repairs and modifications to the high voltage DC supply,

high voltage diodes, and the thyratro(n tri(ger unit were

requi red.

The DC voltage supply v!,s modified to be included in the

interlock system. This .ystem prevE:flts the laser from beinq

run if the chilled vater supply is off or if a five ninute

warm-up time for the thyratron is not proviCd. The DC suipply

vsas t-ired to this interloci: systc-i so that it could not be

turned on if the iinterlock syste, t:as open circuit, or tripped.

This IM\ DC supply require 240 Volt single phW,;e poier.

The higi voltage diodcs of fiquPe 16 %-'ere unreliable

and probably un.derrated (1G-20 kV, required). The Solitron

8040 2A SLD - 30 diode failed twice during the investigation.

Without this diode, the voltage doubling circuit does not

function an(' the discharge is spatially nonuniform.

One replacen-cnt diode %tas available and was used to replace

the first failure. The I - V char;,cteristic for the defective

and repldccWeit diodes are shown in figure 25.

The second failure ocuired after repeated arcinq in the

voltage doub ij circuit and extreme heating of the diode.
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Figure 25.

I-V Characteristic of HV Diode (8040)

Three Varo VC 80 V diodes (8 kV, 2A, ea.) w;ere used in series

to replace the s ingle Solitron diode.

Repec.ted prblems in triqgerirtiq the IIY 3Ol thyratron

were encountered. Two distinct pruhlemt uere involved.

First, the E&G 1.-5 trigiicer unit with HY 6001 thyratron

was iniopcrative and rcplaced. Secoridly, the inetqrators

and recording equipment require synchronization with the

discharge pulse.

The EG&G Tfl-5 unit uthould provide a 2.5 kV, 500 risec

pulse (unloaded). Two co, ponents Oithin this unit failed,

however. A 2N4401 transistor wias defective and replaced.

The HY 6001 thyrztron was d-fecti e, probably due to its

mounting design. The thyratron was located on its side and

the grid was 1ikely warped. No repl;acement thyratron was

available and a new; trigger systeri %%-as desiqned.

An EG&G TM-30 trigger was available and used to

trigger the HY 3001 thyratron. To match the outDut impedence

of the T1-5 unit, a 28 ohm. wire wound resistor was put

in serics with the qrid output of the TM-30 unit. The rise
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tire of the trigger pulse was increased by a factor of two

to 2 ps by the induct,:ce of ti!is wirc wound resistor. The

magnitude of the triqer pul-,;e was 2 kV and was sufficient

to fire the laser thyratron.

The final solution employed for the intenrator synchronization

problem involved using two pUse gencrators with variable

del ay. The circuit is shov'-i in fiqure 26.

O s . r '4 TA_________3 0

Q (5rn MONK - .2 FT ICCER

___TAVr3fJ 
-- SYNGi-INO

B0O1CA? _ HP467A 100IOA

I N3 GiAO

iTPOR -OWER A,"/f? /'nELAY
G4 //. R /(Y;;L'F< ,l i"S P,.JH

Fiqurc 26.

Trigger Circuit

The first pulse gerierator is free-runninq and its variable

repetiton rate determines the dischare repetition rate.

lhe positive output of this getncratnr triqqers the boxcar

integrato}, whose gate output is used to tricgqer a second

pulse generator with variable delay control. In this way,

the boxcar integrator qate and laser pulse may be synchronized.

Substantial space-chargc buildup in the TM30 circtuit

required groundinq the wire wound resistor temporarily before

laser turn on.

Gas Flow

A limitcd supply of SFG v:as available for this study,
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approximately 300 lbs. Gas consumption without recirculation

is 100 lbs/ 1.5 min [3:301. With gas recirculation of 500

cycles, the 100 lb cylinder should last 12.5 hours. Fven

at this rate, the supply will only last 37.5 hours.

To decrease the SF6 gas usage and increase laser time,

a modification to the flow system was made. In the oriqinal'

design a 1 7/8" inner diameter stainless steel pipe was used

to exhaust gases from the laser through the ball valve and

vacumm pump. This pipe size ,as used to accomadate the qas

flow required at 10 kHz repetit-ion rates. Repetition rates

of about 100 lHz.were used in this experiemnt to conserve nas,

provide sufficient siqnal-to noise averaging , and maintain

iufficient energy/pulse to pump the CO2 laser. This rate

requires a 100 times smaller flow rate and a smaller exhaust

pipe may be used.

The average flow velocity (radial average) of a flow in

a pipe is

r741

where CL is the pipe radius, l the gas viscosity, aind - -

the pressure gradient, axially. The volume flow rate is then

(152)

By reducing the pipe radius, much lower flow rates can be

achieved. The same effect can be obtained by nearly closing

the ball valve, but this adjustment becomes very sensitive

for such slow rates.

On this basis, the modification of figure 27 was made.

A cavity pressure of 1 torr was obtained with this modification
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and the ball valve closed. Two torr was maintained for several

hours. The ball valve could not be coinpletely closed whern

running the laser because a sliqhtly qreater flow rate was

required. The pin valve was used as fine adjustment for flow

rate.

I{F Laser Operation, Safety, and Alinnment

Appendix C lists the step-by-step procedure used for

running the HF laser.

Several safety factorswere considered. r)eadlv voltanes

and lethal energies are exposed during the operation of the

laser. The trigger circuit, cathode area, and high voltaqe

DC supply must be handled with extreme care. Hinh voltage

areas are clearly marked and shielded.

The interlock system was described on paoe 73.

The thyratron can "lock-on", continuously conducting

current. If this accurs, the high voltage supply must be

turned off within seconds to prevent damage to the power supply.

The gas recirculating fans are gas cooled and must not

be operated with loss than 50 torr total pressure in the

laser cavity.

Several grounding wires are conveniently located for

possible eiierqency use.

A gas detector (-ombustible products) was installed

in the gas storage closet.

The safe eye exposure distance (SIEfl) is larqer than the

dintensions of the lab room:
-SEED 2E P

70 PEL (153)
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Evaluating equation (153) for

-6 I m -d

yields

SE-)-- 200 M (154)

The required optical density for goggles is

D- FP-E -- 4..4
Ep (155)

Goggles with D=4 at 2.8 Vim were available and were

used when operating the laser.

The HF cvity was aligned with a HeTe laser. The laser

is high gain and alignmunt is not particularly difficult.

Odce lasing is achieved, the pow;er can be maximized by adjusting

each of the irirrors. To achieve sinole linc operation, the

copper mirror is removed and repl;aced by the gratinq. Olnce

the grating is in place, la.sing can be established by merely

adjusting the grating angle.

HF Laser Performance Char;.cteri7zation

The first set of experiments characterized the performance

of the IIF laser. Power v:as measured as a function of pressure,

SF6 /12mixture, repetition rate, discharge voltage, aperture

diameter, and time. Cear, quality and divergeice were also

investigated. The laser was operated under both multiline

and single line (including the P2 (6) transition) conditions.

Multiline operation was achieved with the OFHC copner

mirror. A Raytheon Au:Ge Infrared detector was used to

measure the energy/pulse. Pulse shapes were observed on a
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Tektronix 555 Oscilloscope. A princeton Applied Research

Mdel 160 I3oxcar Tritgrator with a 50 lis gate, 100 ms time

bise, and .3 ms titte aonstant, t'as used to average the energy/

pulse. The integrated output was displayed on a Fluke 81O0A

digital volteeter. it is this averaged power that was

measured as repetition rate, pressure, voltage, and mixture

were varied.

Beama quality and divergence were investiqated using the

sain-e set-up with the detector on a two degree of freedom (X/ Y)

translating mount. The detector was moved axially (T) along

the HF bean on a 90 cm optical rail. The coordinate axes

are shown in figure 28.

Y

0t- l

Figure 28.

Experimental Coordinate Axes

An absolute value for average energy/pulse %as obatined

with a Scientech Modcl 3604 Laser Power lieter thermal type

energy detector with a sensitivity of 84.5 mV/W.

Single line operation ivas established with the 300 cr/mm

grating replzacing the copper rirror. A Lumonics Spex Mini-Mate

monochromator with a 3 prm blaze, 300 qr/mm grating and 2.5 mm

slits was used to choose the IIF P2 (6) transition. The
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monochioma1 LGr wias calibrated by observinq the location of

the z( cc th throuth fifth ordeis of lleNe transmi ssion Based

0n i ktjC . ),.i{rr tho (,b :erved He.( order separation of

.5775 oim, and the observed zero order HeNe setting of -. 008 pm,

the relation between scale reading and actual wavelength is

/A L/XCL (156)

Three HF 1 ires were observed at /XACR.1_7 2.851, 2,8074,

and 2.7702 pin. These lires were identified as the P2 (6), P2(s)

and 2(4) traiisitions based on the comparisons of kno:.,n wavelenqths

of the transitions, the seperation between these wavelenqths,

and the observed transitioas in the Raytheon study [3:13,461.

This information is sur.inarized in Table I .

Table II.

HF Line Identification

Transitio X!im) [l: [;-a ve I en 9h This Wa ve el ength

P3 (6) 2.9643
P3 (,) 2.9256 x

P2 r-) 2.9111 X
Pi ) 2.9103
p ( ) 2.8809

p2 0) 2.865/
P 1(6) 2.8318 X 2,8510 .]
Z' fl! 2.795,3 X . 2.8074
P1 2.7826 x .0349 j" 0372
P2 (") 2.76041 X 2.7702
P1(Y) 2.7441 X
P2 (3) 2.7275
P (6) 2.7075 X
P1(5) 2.6730
PI(4) 2.6400
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After characterizing the IIF laser and choosifq the P2 (6)

transition, the HF beii was used to pumni the CO2 ItIs.

The results of the beam divergence measureents indicate

the need for reducing the HF beam spot size. Orinlinally,

a telescope was used to couple the HF beam into the CO2 cell

with 4 mm diameter used by Raytheon in their study. Wilth

the optics available, this method did not reduce the HF beam

size sufficiently.

To solve this problem. a 1 cm diameter CO 2cell was

designed and constructed as sho:n in figure 29. The HF beam was

-3" / I ro
A ~~ BEL L 0ff

Cc12 C 2
WINVDOW DV G U1____~f~UEGAUGE ____ _____

Figure 29

Redesigned CO2 Cell

focused at the center of this cell with a one inch diameter

CaF 2 lens. The two requirements of a small spot size and a

collimation length of 40 cm led to the selection of a

250 mm focal length. (See Appendix D for the theoretical

analysis used to make this selection.) This theoretical analysis

predicted the 250 mm focal lennth lens would provide a

spot size of less than 3.5 mm over a length of 40 cm at

a distance of 14 -54 cm from the lens. Experimentall.,

a spot size of less than 6 mm was observed over this 40
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cm range.

To fill the CO 2  cells and control pressure of the 1 ' 1 2

gas, a pump system was designed (see fiqure 30). The two

pyrex cells are cotinected to 1/4" piping by a flexible

bellows. The l I 2 is stored in a 1 liter cylinder that

can be cooled in a liquid nitrogen bath. The cells can

be evacuated to about 1 torr with a DuoSeal Model R1406

vacuun, pump. To reduce the pressure to 100 um, a Varian

Vac Sorb molecular sieve is co6led in a liquid nitrocen bath.

An adaptor was designed an built from a non-rotatinq mini-flange

flat to connect the 1/4" piping to the molecular sieve.

Power-Frequency Experiment

The optical set-up for the CO 2 power as a function of

HF frequency experiment is illustrated in figure 31. The

propogation of the HF, CO 2 and Helle alignment beams are shown.

The main CO2 cell is pumped by the HF laser directlv..

The incident HF beam is split and detected by a )iITOdTe detector,

D2. The transmitted HF beam is observed at the Raytheon

Au:Ge detector, D4. The monochromator is used to determine

the HF lasinq transition and to filter out the CO 2 beam.

The incident HF beam also travels through a second CO 2 cell.

HF intensity is sufficiently low here that no lasina action

is obtained and the absorbed HF beam is detected at a Santa

Barbara Au:Ge detector, Di. There is a 2.8 pm filter in this

leg of the optical path to remove the CO 2

The CO 2 cell lases and a forward and backward pulse is

observed at D3 and D5 (InSb) detectors. A 4.3 tm filter
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FV
is used to eliminate the 1IF beam at D5. The second Lumonics

monochrowator is used to measure the CO2 wavelength and select

either the R(8) or P(lO) 101 -100 transition. This monochrometer

has a 150 gr/mm, 6 Vm blaze grating and 1.25 mm slits.

The CaF 2 ,Fz5 CMlens is used to focus the HF beam

into the CO2 cell, as described earlier. A CaF 2

lens focuses the HF incident beam on D2.

Finally, a HeNe, Spectra Physics Model 142 laser is

used for aligni.tent. After thp absorption cell leg of the

optical path w.as aligned, the HeNe laser was located as shown

to align the main CO 2 cell and the monochrometers.

This set-up provided the necessary data for comparing

the CO 2 power to HF freuqency. The amount of HF absorption

was obtained by comparing intensities of incident (D2) and

transmitted (D4) HF pulses. CO 2 forward and backward pulses

were observed at D3 and D5. Finally, the HF frequency was

measured by observing the HF absorption through the second

CO2 cell. The absorption Should vary with frequency accoding

to a doppler broadened lineshape. From this variation in

absorption, the variation in frequency wa-s measured.

The transmittance for each of the optical elements

was measured with a Wilks tiran I Variable Fi'ter IR Analyzer

with a Wills Preamplifier. The three CaF 2 beam splitters

transmitted 90% at 4.3 microns and 95% at 2.8 microns at

46 0 incdence. The Raytheon 90-90574 2.8 micron filter

transmitted 8% at 4.3 microns and 90% at 2.8 microns at

normal incidence. The 4.3 micron filter is a flat gold

and copper Laser Optics 3.6 - 8 micron filter and transmits
8 :ii



less than .5% at 2.8 microns and 95% at 4.3 microns at normal

incidence. During alignment, the CaF 2 , F= 25 CM , lens

transmittance was measured as 94% by detecting power with

the thermal detector before and after the lens.

Each of the detected signals are amplified, displayed

on an oscilloscope, averaged by a boxcar integrator, and recorded

on an XY or strip chart recorder. The electrical wiring

diagram for the entire experimental set-up is shown in figure 32.

The integrators are Princeton Applied Research CW-1 and

160 boxcar integrators. The gate widths were Thosen to match

the widths of the detected pulses. ihe faster PAR 160

integrators were used with the faster detectors (02, D5).

Time constants were chosen to reduce noise as plotted

on the recorders. The settings for each integrator are listed

in table I1.

Table III

Boxcar Time Settings

Integrator Model Gate Width Time Base Time Constant

12 PAR 160 500 ns 20 us .3 ms

13 PAR 160 1.6 vs 2 ps I ms

14 CW-I 10 Ps 50.,'s .3 ms

15 CW-I 10 lis 1 Is 3 ms

HF absorption was measured as the auxiliary cell was

filled withl 2 Cl 8 o 2 at pressures from 0 - 7 torr. Integrated
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power from detectors Dl and D2 were recorded on the HP

7046 XY recorder. Immediately after changing the pressure,

the HF beam was blocked to mark the pressure reading.

The main CO2, cell was then slowly filled with 1 2 C 1 8 02
2

CO 2 lasing was observed at 7 torr. HF and CO2 pulse shapes

dectected at DI, D2, D4, and D5 were photographed from

oscilliscope traces. Dectectors D2 and D4 were sufficiently

fast to resolve 20-200 nsec pulse shapes.

From the oscilloscope traces, it was observed that CO2

lasing was erratic. A CO 2 pulse was observed for every

3-5 HF pulses. The hIF pulses varied considerably in magnitude

from pulse to pulse and CO 2 lasing was achieved only on the stronqer

HF pulses. The pulse-to-pulse variation in HF power was

measured by displaying multiple pulses from detector 02 on

oscilliscopc ohannel 1.

HF absorption was measured as the PZ crystal voltage

was swept from 0 to - 1.3 kV in 44 sec. No correlation

between power and PZ crystal voltage was observed, indicating

a frequency instability in the HF laser pulse on a time scale

small compared to the integration period of I ms.

The nature of the power and frequency instability was

investigated and its dependence on repetition rate, discharge

voltage, and pressure recorded.

The data and results of these experiments are presented.

in the following section. Conclusions and recommendations

will be made after considering these results.
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Results and Conclusions

The results of the experiments described in the previous

section are now presented and compared to the theory established

in the first section and to prior experimental studies.

Conclusions concerning the system and its operation are drawn.

Finally, a summary of the investigation, results, and

conclusions is presented. The hF laser characterization, the

pulse shape and kinetic model, and the optically pumped

CO2  laser will be discussed individually.

HF Laser Characterization

The experiments characterizing the 11F pump laser studied

the dependence of HF pcwer on the SF6 :112 mixture, total cavity

precsur'e, discharge voltage, repetition rate, and aperture

size, and analyzed beam quality and beam divergence. Power

and frequency stability are discussed in the section on the

optically pumiped laser.

Figure 33 illustrates the dependence of HF power on the

SF6 flow rate, for a fixed H2 flow rate of 1.4 I/min. There

is a slight decrease in power at lower SF6 flow rates,

indicating the reduction in atomic fluorine concentration

and the resultant decrease in vibrationally excited HF

concentration. Results from the Raytheon investigation are

also shown in figure 33. These results indicate a reduction

in HF power above 80% SF6 , where hydrogen becomes the limiting

specie in the cold reaction (21). Throughout this investigation,

a 79% SF6 mixture was used.
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Figure 34 depicts the IIF output power -- total cavity

pressure relationship. At 11.2 kV discharge voltage, 97 pulses/

sec repetition rate, and 79% SF6, no variation in power with

pressure was observed over a 30 torr range. No study of this

relationship was undertaken by Raytheon. Throughout this

study, a total pressure of 70 - 90 torr was maintained.

Figure 35 illustrates the depenlence of HF power on.

dischargc voltage as observed in this experinental study at

100 pulses/sec and in the Raytheon study at 4000 pulses/sec.

The peak in this curve depends on repetition rate and moves

to higher voltages at lower repetition rates [3:42-43]. The

peak occurs at 12 kV at 4000 pps, but no peak is observed

at 100 pps. The '100 pps curve is very flat from 10 - 16 kV

and the peak likely occurs above the 16 kV recommended
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voltage limit. 11 - 12 kV was chosen as the operating point

for the current experiwents.

The inpiut power is V//V? ,whure V is the discharge

voltage and 9r is the rcsistance of the gases between the

cathode and anode. A larger discharge voltage provides a

greater input power and current to dissociate SF6. Larger

powers result. A larger discharge voltage also yields a

greater average electron energy (see equation (28)). The

reaction rates for electron attachment to SF6 decrease as

electron energy increases (see Appendix A). The associated

reduction in flourine reduces HF output powOer. These two

effects are competiv

At high repetition rrtes, the discharge circuitry can

becoi;ie power limited. In this case, current %%ill he fixed

and only the electron energy effect will be ilportant. As

repetition rate increases, current li ting occurs sooner and

the peak shifts to lower voltages.

There is a voltage below which no discharge occurs.

Since electron attachailent increases with decreasing voltage,

it is not ionization that limits the discharge, but rather

the discharge circuit itself. At low, voltages, the current

reduction mayt reduce the population inversion below threshold

conditions. A deteriiination of which effect is dominant was

not completed.

The energy per pulse and average power versus repetition

rate are presented in figures 36 and .37. The average energy

per pulse decreases linearly in the range 0 -600 pps, and has

a long shallow tail to 1000 .pps. High rcpetition rates
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were not studied, due to the modifications for flow rate and

li ited gas supply.

Discharge voltage drops with increased repetition rate for

a fixed DC supply because of increased loading. A constant

11.2 kV was maintained throughout this repetition rate study,

however.

Average power is related to the energy per pulse by the

repetition rate, r ,

PAVE - EpULSEX Y (157)

Average power is plotted against repetition rate in fiqure 37.

The results from the Raytheon study of power versus repetition

rate indicate a much wider curve; over a 10,000 pps range with

a peal, at 3000 pps. These results appear to be obtained by

maximizinig power with respect to discharge voltage, pressure,

mixture, and flow rate at each repetition rate.

Average power increases initially to 300 pps, simply

duo to the increased number of pulses per second. The

average power falls above 300 pps largely due to increased

contaminants (H 2 0, H2 S) in the flow. Also, the chemical

scrubber is less efficient at higher repetition rates [3:43].

The increased power input will also increase the gas temperature

and decrease output power. The fixed flow rate will affect

power only if an incomplete exchange of gases in the electrode

volume occurs between pulses. This is not the case at these

low repetition rates.

Three HF vibrational-rotational transitions were observed
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to lase; the P2 (6), P2 (5), and P 2(4) transitions (see page 81

and tablc II). The results already presented include all of

these transitions. The total multiline energy per pulse

observed was 156 .J.

The P2 (6) transition was studiul by itself. 88pJ was

measured as the average energy per pulse. With a .221"

diameter apertuce ) the measured average energy per pulse

was 37.5 pJ. TEM 00 operat'lon was achieved with this

.221" aperture. A plot of energy/pulse versus aperture

size in shown in figure 38.

o-oU7/tol)=O transitions were observed. Raytheon observed

no PI(J) transitions above 2000 pps, due to the decreased

efficiency of the chemical scrubber [3:43]. It is likely

that the chemical scrubber's perfbrmance has been degraded

to the point that it will not remove sufficient ground state

HF to establish a population invet-sion between the 9--1 and

'j=0 levels even at 100 pps.

-4-
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The spatiz, l distribution of power within the 11F beam

was itiv;sticlated for three cases: (1) mul ti line operation,

(2) siur;le P2 (6) line, TEH 00 iode operation, and (3) with

external focusing optics for the P2 (6) TEN 00 case. No

similar investigation was reported by Raytheon.

Figures 39 - 44 present representative spot shapes for

the tl,ree cdses. From the full set of spot size measurements

as a function of axial distance, beam divergence was calculated

and th spot sizes versus axial position are shown in figures

45 - 46. A time resolved study of the pulse shapes was not

conducted.

The multiline HF beam profile is certainly non-Gaussian.

This is not merely a result of higher order transverse modes.

Spatial inhomnogeneities in the lasing inediuni also contribute

to the features of the beam profile. The uniformity of the

discharge is important as well.

Turbulence within the gas flow and local nonuniformities

in the concentrations of reactants and contaminants will affect

the local gain. Purely random fluctuations will not persist

and therefore will not be evident in the measured profiles,

however.

Several persistent features in the profile.s are observed.

The ultiline profiles exhibit a "flat top" across about one-

half of the FW1IM in the vertical direction. This is a result

of apcrturing by the cathode - anode structure. In the

horizontal direction, the profiles exhibit a long tail in the

up-flow direction. This is likely a result of a nonuniform

electric dischirge.
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The single P2 (6) transition with the .221" diameter

aperture corresponds very nearly tc a gaussian profile,

indicating the TEM 00 mode.

The focused P2 (6) beamn has several peaks in its spatial

energy distribution. This poor beam quality is probably

due to imperfect lens4ng.

The full set of beam profiles at various axial locations

were used to establish the beam divergence. The spot size

was taker, as the half-width at the 1/c po,.ser point of each

profile.

The far field condition is

X P -.- /.3 METERS (158)

wherec0) is the beam waist, N-;/.0a,.[3:48] None of the

beam profiles were measured in the far field. In the near

field, the spot size as a function of axial distance, 2-, is

P=) -7 (159)

wlere (A.)is the beam, waist [34]. Then,

OOZ (160)

Or,W01

I d. (161)

Let
Z

62 (162)LML)

Then +3L5

where is the far field beam divergence.
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The plots in figures 55 and 56 are based on this new

varii-,ble L* , to find the far field beam divergence from

the near field measurctiuents. The resulting beam divergences

are summarized in table IV.

Table IV.

Beam Divergence

Case -r, - -

Y - -

ful ti I i ne x _._ _

Y 9.1
P2(6)E M 0 x 9.1

Raytheon gives , value of 1.4 MTad , based on a

theoretical calculation and the cavity design [3:49].

Pulse Shapes

The power pulse shapes for HF and CO2 are illustrated

in figures 47-43, The data is taken from photographs of

oscilloscope Lraces and the calibration from voltage to

power, 60 /Volt, is based on the total area under the

power curve

£ /(164)

equal to the average energy per pulse of 37.5 iAJ.

For the 1F pulse, the full-width at half-maximum is

106 ns, total energy, 37.5 pJ, and peak power .46 kW. For

the CO2 pulse, the FWH1 is 26 ns. 11o total energy calibration
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for the CO2 curve was possible because the thermal energy

detector %:,is instf -ici ently sensitive to measure the lower

po%:er CO2 !siqual. Io conitrart, Raytheon observed a 90 ns

CO2 pulse for a 100 is, 1.8 rmJ HF pump pulse.

The reduced CO2 pulse width observed in this study

is a result of reduced intensity of the HF pump pulse.

Threshold lasing conditions for the CO2 gas are reached

only at the peak of the most intense HF pulses. The time

interval over which threshold pumping is achieved is reduced

to a smiall interval across the top of the HF pulse.

This conclusion is supported by several observations.

The pulse-.to-pul.se variation in HF power is as large as a

factor of six. CO2 lasing was observed for one o-t of 3-5

HF pulses. The pulse shapes of figures 47 and 48 suggest

a reasonable value for threshold pumping of 300 14/cm 2 .

Figure 49 compares the pulse shape predicted by

the kinetic theory o : figure 3 and the observed HF pulse

normalized to a 1.5 r J total energy. The zero of the time

scale for the actual HF pulse is taken at 140nscc, to align

the peaks of the tv'o pulses. No nieasu(rement of the delay

between electric discharge initiation and pulse initiation

or of delays in the wiring or equipment were made.

The Fn-IM of the t.io curves agree very closely. The two

curves diverge slightly at low power. No consideration

of losses or threshold putmping was included in the kinetic

model and this probably accounts for the divergence at

lower powers.
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The HF ,,ulsc was normalized to 1.5 mJ total energy

ihich i , a f,: ror of fvrry greater than observed in the

currcvt Study. The difference in magnitude is a result of

a number of f, cto-s. First, no losses were included in the

theoretical model. Aperturing, scattering, and alignineot

losses were not considered. Certainly the aperture installed

in the cavity to force the bean to the TEM 00 mode reduces

the output po.er. ithout the aperture , an esiergy of 83 vJ

was measured. Secondly, the model neglected the formation

of 112S and other conta.i.inents in the flow. H2 S is particuli:ry

efficient at depopulatinq excited HF molecules. This cause

of reduced power may iniided be significant. Raytheoit obtained

an 1.8 mJ P 2 (6) pulse erncgy i1-h clean chemical scrubbers.

0_2t i .". 1 P ui p i o

The absorption of the [it- P2 (6) laser transition by the

1 2C1302 molecules as observed experimentally (L,), predicted

theoretically ( 0 ), and as observe ": ',,, Raytheon ( .) are

presented in figure 50. The absorption coefficient is

related to incident eand transmitted power by

In (165)
/ ZNC

The three curves have significantly different slopes

and illustrate the effect of saturation. The HF intensity

4in the Raytheon experime'nt was 10 larger than in this

study. The 000 - 101 transition Is saturated at this higher

intensity (see page 53). In the saturated case, a significant

nutber of CO 2 molecules are pumped to the 101 level, reducing

the total nwiber of absorbers that the remainder of the )IF
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pulse observes. This reduces the total absorption of the HF

bea P. Therefore, the Raytheon curve should lie bclow the

results from this study.

The same reasoning explains why the theory curve is

substantidilly above both of the experiiental curves. The

theory assum:ed no population of the upper level,t.;:C.

That is, the result hold for a negligibly intense probe

beam. Note that the slope of the theoretical curve is

sensitive to the value of the Ei:,stein coefficient for the 100 -

000 transition (eq. 112.). Tile second value for /2.9 [9]

is 22 timics larger than the value given by refernce [62] and

used on page 38. There is a substantial uncertainty in the

value of this coefficient.

Instability

Throughout this investigation, problems with power

fluctuation were cncountered. This was i;tost pronounced in

the CO2 absorption of the HF beam. Tile instability was also

observed in oscilloscope traces. An example trace is shown

in figure 51.

4.JC,

o 1

0 11 22 33 44 5! 66 77 88 99

Figure 51.

11F Power Instability
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-.- The IIF power varies on a pulse-to-pulse basis by as much as

a factor of six. This variation is partially explained by

a noC.uniforw SF6 /i1 2 gas flow ith contaitiiants and by varying

electric discharge quality.

There exists an instability in HF frequency as well.

This is most readily noted by observing the fluctuation in

% absorption of the HF beam in the CO2 cell with all

variables held constant. The problems of power instability

are removed by looking at the ratio of transmitted to incident

power. This plot of transmitted to incident power as a

function of time is shown in figure 52. A plot for a slow

sweep of the PZ crystal voltage is also presented. The only

explknation for the variations o;bserved in these plots is

a substantial frequency instability. Note that no correlation

between frequency and PZ crystal voltage is observable,

indicating that the frequency stability cor.pletely obscures

the frequency changes caused by the PZ crystal.

The variation in the magnitude of the power instability

as a function of repetition rate, discharge voltage, and

pressure was studied and the renults are presented in figures

53 -55. The best operating point is 20 pps, 14 kV, and 88

torr. Operating at 12 kV and 80 torr is nearly as good, but

a 100pps repetition rate is a little high. Even at the

optim~um operating point, the signal to noise ratio is

_._. on~
N (166)

The frequency instability is a severe problem. With no
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control over frequerncy, the actual frequency must be measured

throughoit time and correIhLed to the CO2 power. Even more

import.ntly, tfic HF frequency must bL stable during the

period of integration, othr'rwise only an average frequency

power is observed. The frequency instability is worse than

1 ms, tIhe period of integration in this study. No study

of C02 output power with 11F frequency wias possible in this

investigation. Recommendations concerning this problem are

presented in the conclusions section.
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0 Deviationpl/ean Power
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Figure 53

Power Instability versus Rep Rate
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Conclusions and RecommIend.-itiorns

A c .-Prflte sttudy (if thec fir-pumnpcd CO 2 lasc-r develoned

by, the hvtenCc-, Iwrati on h b eer, completed. flackovound

theory for the desiqvl and p-: forriance of the laser system

has been presented iend applied. The 11F laser's performance

was experimentally characterized and Output power maximized

with respect to repetition rate, discharqe voltaqe, pressure,

gas mixture, and stability. *Opticivl pumpini of the 101l level

of 2C1l~bJ by the fHF P 2(6) transition established lasinq

action to the 100 CO 2 level . The optical purapinq was studied

through an absor ption experiment. No measurenent of CO 2
output poiwer as a function (if HF frequency was I'ade, due to

a I arg-e 11F f re.1uen cy i ns t hi Ii ty. fisci-,pencic-s between

thoery and experiimerit on tbis frequency dc-pendvnce was explained

h c -ev ir . Pulse shz~pcs were coi;-.erved tid shown to arlree with

the kinetic model developed in this study.

The 11F laser was modified to conduct these investiclaticns.

The gas flow rate was controlled to reduce SF 6 consumr~tion.

The ()ptical cavity ua modifiod to ;;ccowmodate an apertuire

and piezoelectric cr-ystal for control of the cavity lencith.

The trigg! r and di:;c1Urqe circuitry wct re repaired and modified.

Reliability of the laser %yas addresscd in the main text,

including discussions nf thr (ilscharpe circuit and cias

reclrculiltion and scrubbinq.

in this modified formi, the laser's performance was maximized

for powcr at 79% SF6/21% H? 88 torr total pressure,a 12 kV

discharte voltage, and a 300 pps repetition rate. Stability

in HF power was enhanced by reducinq the repeti tion rate to

20 -60 pulses/sec. Onl9' 7 1/ini flow rates were used. A
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total multiline energy per pulse of 156 jjJ was achieved with

lasing on the. P (4), P (5), and P (6) transitions. An 88 1J2 2 2

P (6) single line energy was achieved anjd TFM 00 operation2

of the P (6) transition achieved with an aperturt, of .221"2
d rame te r.

A beam divergence of 5-8 mrad multiline and 9mrad for

the P (6) transition was measured. Beam quality is rather
2

poor, exhibiting the effects of aperturing, inhorm:ogeneous

gas flow and a nonuniform electric discharge.

A pulse-to pulse variation in power of a factor of six

was the best power stability achieved. Frequency stability

is worse than 200 MHz over a millisecond time interval.

Optical pumping of 1 2C1 802 by the HF P 2(6) transition

produced CO 2 lasinq from the (l0cl)j- level to the (lO0°T

level. Pumping was near threshold conditions, and as a result,

Cc 2 1,'sing was erratic, low intensity, and exhibited a

shortened pulse width of 26 ns. No investiqation of the

effect of HF frequency on CO 2 power was possible, due to

the large [IF frequency instability.

The optical pumping was studied through an absorption

experiment. The absorption coefficient was shown to vary

linearly with pressure over the 0 -7 tort pressure ranne,

as predicted by the presented theory. The mannitude of the

absorption is less than predicted due to saturation.

HF and CO 2 pulse shapes were observed with F1,I' of

106 ns and 26 ns, respectively. The HF pulse width anrees

well with the kinetic roodel presented. This model was

based on the HF cold reaction and electron attachment to
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SF 6to produce atomic fl ourine.

Thrvuj!ietut this study, resul ts were compared with the

cx pcrimetntifl data iA.tained by Raytheon, usinq the samle HF

laser and basic set-up. The issue of C02 power dependinn

on HF frequency was addressed and the apparent contradiction

between theory and prior experimental results explained.

Raytheon observe(( no significant variation in CO 2
power with changes in IIF frequency over a 300 MHz range.

A nlumber of factors explain this observation. rirst, ard

foremost, the ur laser's frequency is unstable arid the random

fluctuation iin frequoncy completely obscurs the effect of

a piczoeluctric crystal. The frequency varies qreatly durinq

the period of observatiorn and no meanineful power observations

are possible vtithout actively stabilizing the [IF cavity.

Secondly, under the conditions of the Pttvtheon study, the

CO 2 transition is saturated as suqfqested hy the authors of

the Raytheon report. Calculationc. presented in the theory

section support this claim of saturation. Finally, the CO 2
cell was not pumped uniformly in the Raytheon study , the

beam was not Gaussian, and several axial modes were present

in the IhF puiip beam.

Several recommendations may be made based on these

results and conclusion-s.

The HF laser's performance could be enhanced by reducinn

contaminants in thle SF6/112 flas flow. A desion modification

to allow frequent cleaning of tile chemical scrubbers would

be a great advantage. Reducing the concentration of

contaminants, particularly H2S would enhance power and power



stability.

To i rvcstigtc- the depcn dl nce of CO2 po.er on 

frequency, an activc rictho( of stabilizinq thr, IfF cavity

is proposed. In this way the freqvency instability problem

could be overcome ar,d the 11F frequency easily controlled.

A direct Investioatlon of the low siqnal gain of the

optically pumped CO2 system should be undertakcn to validate

the optical pumping theory presented on paqes 43-47.

Studying the ratio of forurard to baclIward CO2 po'wers may also

provide insight into the natu re of tiie optical pumping.

Conclusion

An optically pumped molecular laser was onerated and

characterized. The 1IF pump laser's performance was documented

and the kitetics of the elctric discharou anal::<d. The

optical pumping scheme was studied by absorption measurements.

The apparent contradiction betveen theory and e;:periment

on the dependence of C0 2 power on HF frequency was resolved,

but the frequency-power dependence :as not exrcrimentallv

established.
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' A PL)'nd i x A

Rate Constants for the
SF 6 +l/Flectric trischirco Laser

Table V lists the reaction rate constants and characteristic

times for the major reactions in the SF6 + f?, electric

discharge laser of this investigation. The characteristic

time for bimolecular reactions is given by

K (167)

and for three-body recombination as,

-F =~ (1 _ 68)

These are the same charactcristic tincs developed for the

hF cold re action (bimolecular) and the f Iuorinc rI-combbifa tion

(trimolecutar) rL .ition in equations (59) and (5 ) , respectively.

Alt rates and characte.ristic tires will be evaluated at:

T = 0000 K
Tc= 25 500 0K - 10, S

IH2 >z 4 516 MOL - (I C

All eneryies are in 1.Cal/nrole, temperature in of', coricontrdtior, s

in moles/cubic cm, and rate constants in units of cubic cr/

mole sec, unless otherwise noted. The first rate coefficient

listcd for each reaction is the one used in the kinetic

model and the calculation of HF power pulse shape, as qiven

in Appendix B.
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!tr.eric .I ,o uti n f
the. II[ Lasur libw tic H1cd-I Fquatiol"s

The set o' differential equations i'iodel i nq the SF6 + H2 in

the electric discharlc are as presented on paqe 26:

F-1  (75)

L) ->(,()[jifij (76)

fIJ. fh - " .. [. (77)

Fj

+~1 - ~ -* Kj(,y ~ (79)
'-D o-i)

= ~ Ku ~ H(80)
K ._--1Ir- ( )

)'( C) L'' L

with the initial conditions

[H)] 6- ::o - 1[] 1, i MOL - (P1)

The current forcing function is

77cz k'±J (82)

Equation (82) is apprcxiwated by

7' -4-Q -J.Y~A-~At 2 0 (l)

The current, I.(t), is obtained from the pulse shape for

current as observed by Raytheon and shot:n in fiqure 56.

The results of applying equation (169) to the pulse shape

of figure 56 are presented in Ttble VI.
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200 n Sec/DIVISION

Figure 56.

Discharge Current Pulse Shape

Equation (75) can be solved directly,

-(ZKL~ett)dit (75)

SF(t) = SF6 (0 EX P- [Kf77A)
Ki, = 6. / x /0/

I /0 OLE-S

/ (171)

From Table VI , C', C-- -3 and At =2OnS , and the

argument of the exponent is of the order 10-6. Therefore,

S F6 ( S )SF 6 (0) (172)

is a very good approximation for the times of interest.

Equation (79) can now be solved directly, with the

use of equation (172):

+t ;K9,3I(4 6'P(; (173)

IVK9 (M) M KS9 (PMI)M K9(174)
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F-

K9Fr K-3 )6 7Vt)

(17 )

Using an inteqrtinq factor of S P yields,

-- fK_3 SF6 (0 7?( .ece&t (176)

To evaluate this expression with a discrete summation

approximation is difficult because the arguvuent of the

exponent is very large, Kgt-- Therefore, the

following technique is adopted. Let

CL L (177)
0

with the initial condition, /flej z 0 , gives

! (178)

Then,

F -t- S F6 (0) e- @; a't"

• L-r"S K. F6rO (0 c-l K%

97

(179)
But, - 4, even at times of 20 nsec. Then,

S~) 1- L t (180)

From Appendix A. Ki - 12Gs S F6 (0) 4  C

(181)F 136
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[2
And flnOaly,

> 0 )(182)

Equations (76) (78) do not depend on the solution

of equation (80) and may be solved independantly. A step-

by-step numerical integration will be used to evaluate these

functions of time. With this numerical approximation, the

systc'm of equation (76) - (78) become

A Zr XYI Oe(i) + K'X) (13)
A =Q ;/ '~e1  -,,/, 2?-/-) +k'10X > '

(185)

lhere

'VO _1 "0o) I 2 + .+.

-20s X (0) = -6 , --M,
X~0Y§(0):7 0

This system was evaluated in a step by step fashion with

the 20 ns time interval on a IP-25 prog rammable calculator.

The results arc presented in table VII.

The remaining equations to be solved are those for

the population of HF vibrtional energy levels from

equation (80). For the) 2 toLJ/ transition, it is not

important to coi.sider the U-O level. Again, a step-by-step

integration of the equations given by (80) yields the followinq

system of equation. The system was solved, again using the

1P-25 calculator with a step interval of 20 nsec. A table

of the concentrations of IIF(L)) and of the population inversion
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is presented in table VIII. These results are then used to

calculate and plot the power pulse shape qiven ir the main

text in fiqure 3.
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Table VI

Electron Nwober Density

Time_ (isec) Currenit (Amps) np q -08x/Id-

0 0 1.25

20 20 3.13

40 30 4.38

60 40 6.25

80 60 13.75

100 160 28.75

120 300 39.00

140 325 40.00

160 315 36.56

180 270 29.38

200 200 18.75

220 100 10.00

240 60 4.38

260 10 0.63

280 0 1.25

300 20 3.75

320 40 6.88

340 70 9.38

360 80 10.63

380 90 10.94

400 85 10.31

440 75 9.06

480 65 7.81
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Table VII

tlydro(Ieit and Flnrime Councentrations

20
10.0 .62 1.87

40
10.0 2.49 6.15

60
10.0 5.72 11.4

80
10.0 10.8 18.2

100
10.0 20.7 34.8

120
10.0 40.9 70.2

140
9.99 72.3 113.

160
9.99 112.0 148.

180
9.99 155. 170.

200
9.98 199. 177.

220
9.98 238. 166.

240
9.97 272. 145.

260
9.97 299. 120.

280
9.97 320. 94.

300
9.97 336. 75.

320
9.97 351. 64.

340
9.97 366. 61.

360
9.96 381. 61.
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Table VIII

lifp Concentration and Population Inversion

(n s c) ' tv:'9 1.O/ I 12(~-M 0s -14.' 0 LItO/ ,

20
2.80 9.54 4.78 6.74

40
9.19 31.4 15.7 22.2

60
17.0 58.1 29.1 41 .1

80
27.2 92.8 46.5 65.6

100
52.0 177. 88.8 125.

120
105. 358. 179. 253.

140
169. 567. 288. 398.

160
221. 754. 377. 533.

180
254. 865. 432. 611.

200
264. 899. 449. 635.

220
248. 841. 419. 593.

240
216. 732. 364. 516.

260
179. 604. 299. 425.

280
140. 470. 232. 330.

300
111. 373. 182. 262.

320
94.8 316. 153. 221.

340
90.4 300. 145. 210.

360
90.2 299. 144. 209.
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Appendix C

HF Laser Operatinq Instructions

This appendix lists the 1IF laser turn-on procedure used

in this study. The procedure differs from that of refernce

[3:84-89], due to the modifications made to the laser. The

starred entries note changes and/or additions to the

operating procedure dictated by these modifications.

* (1) Turn on the 400 cycle power qenerator
* (2) Turn on the red warning liqht (outside lab door) on

(3) Turn room exhaust fan on
* (4) Turn roof fan for vacumm pump and the vacumm pump on

(5) Turn the chilled w.ater supply on
* (6) Turn the two pulse generators and their power amn on
* (7) Irn on Boxcar Integrator #3 and establish triqqerinq.

(8) Turn o;m Voltage Doubler Fan and ,Fluid CoGlifig Pump
* (9) Ground the TM 30 w'ire wound resistor, momentarily

(10) Turn resevoir heater on, 75%. !4AIT 5 MINUTFS.
* (11 urn T1 30 unit on
* (12) T urn gas detector on

(13) Check the gas pressure in the 11F laser, (Fpprox I torr).
14) Turn the HV DC 220 Voltaqe-Single Phase circuit breaker on

(I5 Open the SF6 and H2 gas bottles and main nas line valves
(16) Let SF6, and then H2 gas, into the cavity; select mixture

* (17) Adjust the By-Pass valve for the desired nressure
(18) At 60 torr or better, turn on the gas recirculatinci fans

* (19) Set resevoir setting at 85 - 90 %
(20) Turn the iHV DC supply on an raise voltaqe to desired level.

* 21) Check for discharge, power pulse.

The laser turn off procedure is the reverse of the above

listed procedure.
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IP Benin Propogation

The thc~ury of gaucsian becim propogation will be used

to calculate the beam spot size as a function of axial distance

for two different focusing lenses. The following model is

ustd:

C rmaniu F Co2 -Cell
Output
Mirror 4 Z Z

At Z -W and Pz = R From the results of the beam

diveregence cxperiment, 61--m = , 95.3c,:. The focusing

lens is F=25c .i or = 0cm.

For a thin lens,
-/+/02 -a/ F (186)>

where
w e _ / iX

0(Z) -R(Z) 7r W?-(Z) (187)

Then / iX

2 / /
and equating the real an imagniary parts of equation (38)

SR2  R/ F and W (189)

Translating the bean through the distanceL to Z3:

a : 02 1+ L43
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But, PTO

A7o (191)

And thus,

Q-tz L ?fTc - (F-- f,~ ~.-L 1,FL03 (: 2  L " -- TU, ' - = - T.... (.1,9_2).. y..
27r7(F-R; L X RF (192)

or,

I Trc~jF:AYu.X(193)

Equation (193) can be rewriten as

/ (F- ) + -EFL (X-.P

Q3 F±F- 1 )+(jQ, )- (IRF L IL{ 1 4

From equation (186)

03 R ir~(195)

Define the position, L , by Z specifying the beamr waist.

Then,

R3 3 (196)

Equating the real pairts of equation (194) and (195) yi(:lis

L-=-qF-R1) RItFI/. (197)

Equating the irmaginary parts of equations (194) ahd (19f,.

yields

7T-- L (,YFI-LF - R (L)-+ &i--'-(198)

Or, simplifying equation (198),

, O~o = cO L (IF) (199)
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Now-, substitute equation (197) into equation (199).

After sinpl i fica i ,,

CF) C (200)

For the initial v7alues of iand UW/ quoted in the first

paragraph, P-1F ,2 IZ

(201)

for -=.25 6V/ and F-5 0Cf , respectively.

S i n ce,

(202)

o r) E- , X R_._ , nF

#FI [- F (203)

and

-4Wo =Z4x/0 CM /,.N4 3AlNO o CM (204)

for F=25 CM and 50 CM, respectively.

From equation (197), the value of L is 3a9a/(or

05.2CM for F- CMand F=50 CM focal lengths.

Equation (199) can be used to obtain the spot size at

Z-L + 20 CM
W IXRwX FL( IX

W3 PIf4 F~ 1 R ' (205)

For F'--25C11 ), :3.5,nn and for F.,§OCM, d3l.l, .m, at the

ends of the C0 2 cell, if the cell is centered at the beam waist,

Z= .3,9CM and IC5.2CA , respectively.
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The location, iIO5.?/v!, Is rather larqe for the laboratory

and tc bea .ize of_,., the ends of the COshould

be satisfactory. Thus, the 1-': 5 CMI focal lenrith lens.

will be used Lo focus the HF beam into the CO2 cavity.

F
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